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ATTACHMENT OF A JET TO A CURVED VALL.

by M. KADOSCH

1) Historical Account :

she physical phenomena applied in fluid amplifiers have

been known for a very long time.

Por instance, the phenomenon of attachment of a jet to
& side wall at an angle with the normel exit direction of
the jet was described by Young (1) as soon as 1800 : it
vas for that reason called "Young effect", in that country.
The phenomenon of attachment to a plane or curved wall (for
exanple, the contour of a bottle) is again described by
H. Bouasse (2) and mathematically studied by L.C. Woods (3),
Other ancient references are cited in the bibliography
of the article (4).

In the ycars 1948-1950, a group of cngineers of the
"Société Nationale d!'Etudes et de Consiruction de Motecurs
d'Aviation" discovered the remarkable properties of the
phenomencn obltained by combining the interference of a small
obstacle or of an auxiliary transverse jet forming a fluid
screen on a sife of the mein jet, with the phenomenon of
attachment to o wall placed on the opposite side of thic
jet when this wall is curved (5) for applications, the chief
properties were the following : by making the action of the
naterial or fluid scrcen vary, the jet was deflected through
attachment at a variable angle in a stable configuration ;
by suppressing the screen action, the jet resumed a normel
non-deflected outlire ; finally and principally, the
phenomenon was freed from the scale effect 3 it could be
used on the jet of the biggest jet engines. Consequently,
the devices studied and doveloped by these engineers wore
mostly conceived with @ view to the braking (thrust reverser)
to the piloting (thrust vector control) of jet engines At
the same time, the basic physical phenomena were studied in
detail theorctically and experimentally, but the emphusis
was leid particularly on the thrust, drag and 1ift properties

Our eim in this paper is to set forth what we have found,
which, being dircctly applicable to fluid amplifiers remeains

of preveiling interest. Thus we hope to have given a satis-

factory theorctical explanation, well supported by experi-
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nental evidence, of the phenomena we were using. The
ability of deviating the jet of a big jet engine is not
perhaps fundamentally important for fluid amplifiers,

but it is interesting to note that the schemes we were led
to study thoroughly, somewhat differ from those which
were sclected for the fluid amplifiers with which we have

been acqueinted.

However, somc parallelisnm could be drawn between the
studies relating more particularly to propulsion and
those peculiar to amplifiers ; for example one of the
main features of our devices might be described as a

nomentum gain in a one-stage fluid amplifier.

In thrust vector control of rockets, a ratio of lateral
thrust to controlling jet momentum in the range of 2, 5

to 3 is achieved.

In thrust reverser operation on jet engines the gain
may be defined as the difference between forward thrust
and reversed thrust divided by the momentum which would
have been obtained from the controlling mass-flow if not
bled off the compressor ; in actual such thrust reversers

operating on jet planes this gain was between 10 and 30.

Finally, for the transformation of a continuous flow
into a pulsating flow, we were led as soon as 1952, to
propose and build laboratory models for a device much
similar with that lnown under the name of "fluid flip-flop"
except that its application was contemplated chiefly for
propulsion systems (5).

Under such prospects, we hope to do useful work by
resumning the description of the schemes to which we have
been led, in terms adapted to fluid amplifiers. Thus we
hope to show a possible way of progress and also that a
satisfactory physical description of the used phenomena

could be obtained.

Means of acting on a jet direction.

In order not to stay in abstractions, here are simple
experiments effected in the years 1948-1950, relating to
the combination of both means : deviation of a jet by an
obstacle or a transverse jet, attachment to a curved or

convex wall,
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1. Experiment n 1
A Dc Laval nozzle wes used : viz. a converging

nozzle followed by a diverging venturi. Incidentally,
this device is the fluid ananlogue of a detector : if run
through in the usual direction (figure 1), the mass-flow
is proportional to the exit section AB in subsonic flow ;
if run through in the reverse direction (figure 2), the
nass-flow is proportional to the section at throat CD,
for the flow scparates from the walls very close to CD ;
in CD the pressure is much lower than the atmospheric

pressurc. Now if, in the reverse flow, a small obstacle

is placed a little after throat CD (figure 3), on a part
of the circumference, it causes a pressure unbalance and
he jet comes and flattens itself on the remaining part.
The deviation is very great. Both flows, figure (2) and

(3), are stable ; the passage from tho one to the .other

is of the flip-flop type.

2. The purpose of Experiment n® 2, due to J. Bertin, is

to show that the jet-wall interaction is reciprocal.
Suppose that the De Laval nozzle figure 1 be two-dimen-~
sional and that parts CE and DF may revolve frecely round
small axes respectively in C and D. It may be shown that
the pressure distribution results in bringing considerably
closcer together the mobile ports. In figure 5, only a part
CE was set freec ; it takes an equilibrium position when .
the resulting moment of the pressures round C vanishes
(figure 4). This equilibrium position is alsc stable, with
a jet strongly deflected round the immobilized wall and a
very narrow passage scection, obtained without blockage,
since the sucked in wall is frce with a horizontal motion.

3. Experiments n® 3 and 4

In two-dimensional flow, figures 6 and 7 show the
deviation obtained by combining a convex wall on the left
and a transverse jet on the right ; on figure 6, it is
noted that the ¢onvex wall has a radius such that if it
acts alone, it produces a negligible deviation (no Young
cffect). The action of the jet causes a progressive

deviation,
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The oxistence of 2 critical wall rodius, allowing
this experiment is demonstrated in the following
paragraph.

Ve think, to the bost of our knowledge, that its
systenmatic utilization in the way described below cons-
titutes the main difference between the known schemes
of fluid amplifiors, even if curved wells are present,
and the schemes which we have studied and used.

A fow explanations and physical descriptions.

The theoretical and experimental study of the former
phenomena has formed the subject of other published
works (4) {6) (7), to which we refer for the detail of
our oxperimental results, mainly as concerns the variation
of the curvature radius given to the convex attachment
wall. The theorctical corsiderations given below have
been worked out with o view to explaining these

experiments.,

1. Balance of a curved flow.

In our mind, the purpcse of the convex wall is to
cnsure the bolance of a doflected flow from the start.

In aerodynamic terms, a jet driven sideways presents
itself as a quasi-isentropic stream comprised betwoen
two adjacent zonecs of dissipative flow : boundaery 1layer,
or zone of mixing with the surrounding fluid. If two or
more flow configurations exist, onc of thom at lcast is
& curved flow, The ossential cendition of its stability
is the condition of transvorso balance, cxpressiang that
the centrifugal forces arc balanced by a transverse
pressure gradient (fig. 8) ¢

1 0P = 42
2
1.1. In the isontropic pert of the stream, we moreover
have :
dP+Pvdv=0
vhence a partial intégration along the normal line IE
crossing the stream is deduced :

E
J ay\g ©xp / dn
I E I R



Thase inequalities (higher velocity and lower

pressure on the wall)justify the presence of a convex
wall whkich helps them toc be checked.

Moreover, the velocity, or pressurc difference is

an increasingfuﬂction ~f h , whers h = IE, strecam
B
thickness.
3) 1.2. In the boundary %gyer along the wall, the fluid is
slowved down, and the jet separates when the pressure

rcaches the surrounding pressurc. IZ P is also the sur-

rounding pressure, it will be noted that the boundary
layer is subject to reascend a longitudinal difference
of pressure (pE - Py) equal to that which one will have
managed to esteblish crosswise : in other words, the
better the jet is attached in I, the more easily it

separates farther on.

3) 1.3, This well-known description of the transverse balance
of an isentropic stream accounts insufficiently, however,
for the phenomenon of attachment to a curved wall, which
necessitates the calculation of the longitudinal gradient.
To this e?foct, & calculation of L.C. Woods (3) is used.

Consider figure 9 : At point M, where velocity v is
at angle & with the horizontal, it is admitted that the
velocity potontial is proportional to & :

\p _?Vmez%%

v =v, in D, D', O'. ¥ , velocity mcan vwvalue. I% is then
found thet the velocity is given by the formulas

- ™ -
VEVa ep e =¥ %
2V, &

cosm cosh & = cosh Ty

Perameter ¢C, whereon the velocity depends, is propor-
tional to r¥ = _0D s it is, onithe one hand, the aspecct
ratio of tEf attachéd part, on the other hand, the appro-
Ximate ratio nf the transverse gradiont to the longitudi-
nal gradient, on account of the important property of

§ 3, 1.2. 9

m“




10

3)

The longitudinal gradient is expressed by :
2
dv Va 2yw b f 0
—V : L - c—_
a0 T odp ¢ cotomgu %

By reans of these formulas it 1s possible to link up

the result of the tests with the behaviour of the isen-

tropic stream.

1.4. The most important conclusion of the tests is that,

if the ratio r wvaries, three {flow condilions anpecar

1
1) rf;B h approximately. The jel is attached on o cons-
tant arc Y= 20 degreces approximately and is not de-

flected. The well action is purcly local (sce Tig.7;.

In that case, @ is small cnough, of order unity or
less. The thecoretical distribution of pressures at the
wall is indicated phy the pointed curve of figure (10).
Ve approximotely get :

Pm—————
v =v, exp\igz—ez'

he velocily ncitler depends on h, nor on r, nor cven

on v, but only on the angles. I1 is uniform as soon as
ve move a litile aside from the wall. The loncitudinal

gradient vhich the boundary musi recascend cannot be

calculated in D, where it is infinitc, but at some poini

of arc 0D, for cxampfe such as : &8 = 0,8 5
It is made non dimensionel by lLeing plotticd ageinst
the length 1 =r X covercd - __V"w_ ___..?-
=Tzt 2df
4
%{ = 3% WY’(‘DQ‘X) at point M,

The grad.cnt increases with according to 6 and its

naxinun value is 0,7.

2) r, 3 h . As scon as Q@ rcaches such a valuc that

the previous approximations arc no longer satisfactory,
it is theoretically found (figure 10) tha  the pressurc
curve is much more flattened, ang,experimentally, that
a true deviation appcars, the effect of which is to

increasc still more the value of @ proportional to r § .
1
The aspect ratio of the attached part of stream

increases ranidly and conditions n° 3, very ditferent

from n® 1, arc obtained.
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3) Young effect. If r and ¥ increasing separato-
1y, factor Q~tekes a Hhigh value, the transverse
gradient is much bigger than the longitudinal gradient

and the pressure curwe (fig. 10) is so much flattened
thet the velocity does not vary over most of the
length ry. The exponentianl interference of < leads tio
the approximation :
st vz Vv L3
“’#z, SVa¥r &
Thie time the velocity depends only on h and not on

0, nor on K'

Therefore, there is not only jet attachment, but over-
all deviation, the deviation phenomenon being defined
by the fact that the wall action extends to the whole
width of the jet, according to the law of wvelocity, and
produces an increase of the attachment; which moy be

considerable.

The longitudinal gradient may be approximated by :

Yok Y o2l v e ($4)

It fades exponentially as a function of (-r } ; its
thecretical value may be as low as 107> gy- This expo-
nential factor in {-r )}, which cannot be deduced from
elementary conside£;§;ons, annihilates the increase
proportional to 8 s which cllows the offect of attachment
to the curved wa’l.

1.5. Comparison with the attachment on a flat wall.

In order %o illustrate the preceding calculation,
figure 11 represents a planc plete of length %1, to which
a jet portion is attached, with an aspect ratio 1
constant. In the formulas, if r tends to the infifiiTe
and ¥ to zero, naturally v = Vo is constont and gradient
g is null,

Cose n° 1. Low _1

If length % 1 is curved at radins r, the jet remains
attached up to 2 20 degrees anglec, then it separates,
under the influence of gradient By

Case no% 2, Migh 1 .

If longth % 1 is curved at rodius r, the jet may be

11
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deflected practically to any angle, for gradient 8
remains very small. The attachment phenomena is similar
to that along a plane wali.

2.0.Application to the above—described tests.

In most of the devices capable of being turned tc
account, r haes a fixed value. The former mathemastical
description. subordinates the attachment to the product
_%j_. In the quoted tests, r has a value such that the
att

achnent does not occur when there is no external

action : the jet sticks locally on a nearly constant ~rc :
y1 # 0,35 radian or 20 degrces ; and r51 <h s the jet
is not deflocted ; parameter Q" is of order unity, as in
the 1st ocase above,

In all the tests, the primary effect of the external
sotion is to create : a) a beginning of transverse un-
balance, wh3noe a2 small increase of yof the 'vector thrust
control" type ;3 b) a2 beginning of decrcase of h, whether
or not due to a blockage roesultirg from control input.

The importart fact is that both cffects contribute to
inorease &, to decrease cxponentially the resistance to
attachment, therefore to increase 6 still more, which
results in a quick passage to the 2nd casc above, where
I\x,_» Q., y @reng ing about 10.

In the experiment of figures (6) and (7), the varia-
tion of tho attachment angle Y betwcen 1 and g maximun
is progressive as function of the input ; the fhecessary
input for the maximum deviation is a small fraction of
the main mass-flow, on account of the exponential
vanishing of the resistance to attechment, which also

explains the possipility of £lip-flop operations,

3. Physical description

The former theory, although porfectly in accordance
with experioence, will perhaps appear sophisticated and
little propitious to a correct description of boundary
layers ; thercfore, & physical interpretation of the
formulas introduced, founding on conventional reasonings
(8) (9), is given.



Consider (figure 12a) the balance of the non-deflect
jet 3 let us introduce o perpendicular blow (figure
12b), which deflects the jet, first by thrust voctor
control, ard let us analyse the transient phenomensa.
If a fluid elcment of the isentropic stream is offset
transiently by this action towards the inside of the
boundary layer, it finds itself submitted there to a
centrifugal force unbalanced by a pressure gradient,
and therefore returns to the iscntropic zonme j conversely,
o slowed down elemeni of boundary layecr offset imto the
isentropic zone, without sufficient centrifugal force,
would fall back into the boundary layer. Consequently,
the new flov is stable and the thickness of the boundary
loyer is smallor, since the exchange of momentum between
slow fluid and quick fluid is reduced by the primary
doviation, which produces the additional deviation X by
rocession of the separation point. Or theside of the
blow, on the contrary, the mixing zone between the isen~
tropioc stream and the surrounding gas tends to amplify
itself by the transient offsevs which do not die j; whence
an incresase of the vortex flux in AA', whereas it decreaseb
along the convex wall ; both these effects contribute
to brihg about o circulation (and a lateral thrust), of
which deviation ¥ is the ingdex and which tends to decrecase
the velocities in AA' ; deviation 3 stops when the vortex
flux in AA' stops increasing thereby. Moreover, in the
aspect ratios ellowing Young effect, the mixing zone is
strongly sucked in towards the curved wall, because the
transverse ficld of pressurcs reaches the whole width h.
The test figure (5) shows what occurs when the mixing
zone is partly suppressed ; the main obstacle to deviation
being suppressod, the jet evolves towards & deflscted
configuration with en appropriate similitude ratio.

This doscription is interesting because in an elbow
the contrary may happen (fig.13) ; the boundary layer at
the convex wallitends to thicken through accumulation of
the slowed down fluid which starts a secondary flow along
side walls, if there is no way for it to escape somewhere,

as in-figure (12).




The sccondary flow will tend 1o occur if the side
walls of the fluid emplifier arc sufficiently necar, so
that fluid may flow from onc wail to the other. The
interference of a side aspect ratio has already been

noticed by fluid amplifiers constructors.

4, Conclusions

In the applications to prepulsion, as in those to
fluid emplifiers, the phenomenon of attachment to a
wall is first felt as an obstacle, if it is not con-
trolled or controllable. The most often cited means of
controlling in fluid emplifiers consists in bringing
fluid between the wall and the jet to inpede the low
pressures croated in the confined zones. We have had
to use similar processes in the applications to
propulsion, 1n order to impede the thrust losses in
normal operation, and with ¢ view tc a better control

of the deviation in reverse operation.

However, we have always deliberately used the wall
ourvature to impede attechment, so thet it may occur
only through the use of a control input. The results
obtained in this direction have been recalled to mind
and submitted for rerlexion to the new uscrs of these

phenonmoene.
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SEPARATED FLOW IN CURVED CHANNELS
WITH SECONDARY INJECTION™

by

H, A, Curtiss *
0. G, Feil **
D, J. Liquornik #¥*

Giannini Controls Corporation
Astromechanics Research Division
Malvern, Pennsylvania

Abstract

Injection of secondary fluid flow into a primary flow confined in a
curved or straight channel is shown to be a powerful technique for use in
fluid state amplification. The secondary injection continuously and
progressively alters the separation characteristics of the confined primary
flow, resulting in large proportional changes in the channel output flows.

A fundamental experimental study ¢l the method with incompressible, turbulent
boundary layer flow in a range of varying curvature channels was conducted

to learn about the flow characteristics and passage shape parameters relevant
to proportional amplification. Several injection methods and velocities were
investigated with the main emphasis on the effects of this injection on the
flow characteristics within the channels., Preliminary analytical techniques
which compared favorably with the experimental results were developed. An
overall comparison of the mass flow and momentum gains obtainable for various
injection and channel configurations is presented.

INTRODUCTION

When a secondary fluid is injected into the primary flow in a curved
or straight channel, large changes in the resulting output flow character-
istics are produced. These cutput flow changes result from alterations of
separated flow boundaries within the channel which vary continuously and
repeatedly as a function of the injection rate. Thus, the velocity
distribution of the flow stream effluxing from the channel is redistributed,
as a result of secorndary injection such that the mass flow and stream
momentum thru a fixed cross section of the channel exit vary proportionally
with the injection flow rate. Since the secondary injection flow is

+ This work was carried out under the sponsorship of the United States

Air Force Office of Scientific Research and forms the basis for AFOSR
Scientific Report 64-0860.

* Chief, Applied Fluid Dynamics
**  Staff Scientist
*%% Director, lLaboratory Services
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substantially smaller than the primary stream flow. the net effect is an
amplification; i.e., a large change in output flow with respect t> a smaller
input flow. Thus, the curved channel with secondary injection is itself

a fluid state amplifier.

More importantly, the modulated channel output nrovides a basis for
very large proportional flow amplification as exemplified in the Double lLeg
Elbow Amplifier 1,2% concept. In this application the modulated channel
output is combined with other flow phenomena in a single element configuration
that bas demonstrated differential flow gains of cver 200. Such gains are
far superior to those of any other reported fluid state proportional
amplifier . **

Returning to a curved channel, we can visualize the effects of
secondary injection in the typical sketch below. Here the channel is
curved sufficiently that separation occurs witbout any injection on the
inner wall with a boundary A-B and an exit velocity profile as indicated.

L LS

SIS

Secondary Injection

When secondary injection is applied, the separation boundary is changed to
C-D and the resulting velocity profile is altered as shown. Through the
region E above, the velocity and thus the mass, momentum, and energy flux
change continuously in proportion to the secondary flow input.

* Superscripts refer to references at the end of the paper

**  The authors are indebted to the Guidance and Control Branch of the
Army Missile Command under the techn’cal cognizance of Mr. T.G. Wetheral
for sponsoring current studies in f}uid state high gain amplifiers that
utilize the methods describea herein



This paper is concerned with both the net results and the flow
mechanisms involved in the above described phenomena. 1In our investigation
we studied both experimentally and theoretically,various channel curvatures,
injection locations, injection directions, and channel aspect ratios.
Several free stream velocities - all in the low speed or incompressible
flow range-and a range of injection velocities were applied to the channels.

Before describing our work in this area, however, a word about
prior results is in order. First, after a thorough search of the literature
the authors could find no published work on the injection of a secondary
flow into the separation region of a curved channel flow.

Next in importance, however, is our concern with the flow in channels
of varying curvatures; particularly with relatively sharp bend radii where
separation will occur naturally. In our experiments, the flows entering the
channels were specifically arranged to have relatively thin turbulent boundary
layers with a low turbulence core region. Again, however, existing literature
in this area is also quite rare. In fact, no published theoretical work
meeting these requirements is available, to the authors knowledge. All
existing theory depends on one, or all, of three characteristics which
do not app.- for tnis work; i.e., exclusion of flow separatiom because of
shallow turns, a fully developed inlet velocity profile, or a fully developed
curved channel flow pattern (flow pattern independent of amount of turn).

On the other hand, some experimental work has been conducted on
flow characteristics in rectangular curved passages, but again, most
of it is not applicable for the same reasons mentioned above. The work
of Hawthorne3 6 Becker®, and Brown and Marris> are in some ways applicable
to this work although, in general, the curvatures were not as severe and
channel aspect ratios were different than in the present investigation.
Weskeb conducted an extensive series of tests on sharp curvature bends but
all of the upstream velocity profiles were fully developed except for one
channel with a circular cross section.

In short, our investigation into curved chanrel separated flow with
secondary injection was essentially started from scratch. The vechniques
we used for conducting the experimental portion of this program are described
in the next section, which is followed by a theoretical development and
analysis of the data in the remainder of this report.

EXPERIMENTAL TECHNIQUE

Models and Facilities

Five, two-dimensional, curved channels all of which are sketched
in Fig. 1, were used for the experiments. Four of these channels, all
with an aspect ratio (depth/width) of unity, were of different curvatures,
as defined by the ratio of the inner radius to the outer radius (R).
The curvatures ranged from straight (R = 1.0) to infinitely curved (R = 0).
A fifth model with an aspect ratio of .208, but with the same radius ratio
as one of the other channels (R = .4), was also utilized in these tests.

23




2k

The models were, in general, instrumented with static pressure taps
along the inner, outer, and bottom walls. Two methods of secondary injection
were employed: (1) normal to the inner wall, or what we call cross flow
at an angle, B, of 60 degrees from the turn (refer to Pig. 1 for symbol
locations) and (2) parallel to the inner wall opposing the boundary layer
of the primary flow, or what we call counter flow, at several B locations.
The slots extended the full depth of the chamnel with a width of roughly
.037 inches for all the injection slots. The width, w, for all channels
was 1.2 inches. The table below summarizes the test configurations.

TABLE 1

r Cross flow Counter flow
R h/w Ciw location locations
0 1.0 c.0 zero radius B =0
0.2 1.0 n 3 B = 60° B = 60°
0.4 1.0 9.5 g = 60° B = 60,75
0.4 0.208 0.8 B = 60° 8 = 30,45,65,75
1.0 1.0 2 = 1.4 from f = 0.8 from

) exit exit

An especially designed low turbulence plenum chamber supplied with
dry, filtered air provided the input air for the channels, Six stages of
screens in the plenum and a large contraction ratio assured the delivery
of a relatively turbulence-free air, but with a turbulent boundary layer,
to the test channels. The air was maintained at a constant temperature
of 240C + 10C throughout the tests.

Fig. 2 shows the channels in some detail with their side plate
removed, particularly the general arrangement of the cross flow injection
slots. Fig. 3 shows a photo of the end of the plenum with the straight
channel and the R = 0.4 curved channel attached in series. All of the
curved channel tests were conducted in this arrangement with the straight
channel providing the inlet except for the small aspect ratio channel
which required a special adapter section.

Instrumentation

All static and pitot pressures were measured by means of a micro-
manometer. Mass flow measurements of the secondary injection flow were
obtained from differential pressure readings across a calibrated venturi.
Velocity profiles were obtained both across and along each of the injection

slots.

A fluorescent oil film technique 7was used for boundary-layer flow
visualization. This method consists simply of coating the walls of tb:
channel with a light oil containing a fluocrescent additive and observing



the oil film under an ultraviolet light. During a test, the air flow
shear sweeps the oil along the surface such that the oil film develops
a pattern indicative of the surface shear-intensity and direction.

Measurements of the locai velocity and its angular direction were
obtained by means of constant temperature hot wire anemometers with
digital voltmeter readouts. All probes had tungsten wires 0.0002 inches
in diameter and were approximately 0.040 inches long. The hot wires were
calibrated at the beginning and end of each day's testing.

Local velocity measurements were made with single wire probes
aligned so that the probe stem was approximately parallel to the mean flow
direction. Boundary layer profiles were obtaimned by a long needle probe
with the ends of the needles bent 90° to form a hock.

local flow angle measurements were made by means of a hot wire
anemometer X-probe using a unique method which is detailed in the Appendix.
For the tests, the X-probe was attached to a watchmaker's lathe cross
slide mounted on a movable, plexiglass channel sidewall as shown in
Fig. 3. The X-probe was calibrated directly in this holder to establish
the precise wire angles, 8] and 687. The local velocity and two-component
angular direction were determined from the two voltage readings using the
analysis described in the Appendix.

Inlct Flow Conditioms

The straight channel was mounted directly to the inlet nozzle from
the plenum chamber. 1In this nozzle, a boundary layer trip was placed
downstream of the convergent section in order to fix the transition to
turbulent boundary layers at a common location for all four walls. The
velocity profiles at the nozzle exit were measured in order to determine
the boundary layer parameters. For the curved channel tests, the straight
channel was left in place as shown in Fig. 2 using it as an additional
inlet section. Therefore, the velocity profiles measured at the exit
of the straight channel give the inlet conditions for the curved channels.
Fig. 4 shows these boundary layer profiles. The boundary layer
parameters corresponding to all inlet boundary layer profiles are
summarized in the following table:

TABLE 2
Straight Channel Inlet:
Ref. Inlet B.L. Displacement Momentum Form
Velocity Thickness Thickness Thickness Parameter
ft/sec $ in. $1 in. $9 in. H=261/62

25 0.10 .0061 .0051 1.19
50 0.13 .0107 .0087 1.23
100 0.13 .0127 .0097 1.31
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TABLE 2 (Continued)

Curved Channel Inlet:

Ref. Inlet B.L. Displacement Momenrtum Form
Velccity Thickness Thickness Thickness Parameter
ft/sec S in. 51 in. %2 in. H =§1/§2

25 0.19 L0257 .0182 1.42

50 0.15 .0140 .0108 1.29

100 0.15 .0121 .0160 1.23

The boundary layer velocity profiles shown in Fig. 4 were averaged
for a number of profiles taken at each wall over a range of at least
1/2 channel width, excluding the immediate vicinity of the cornmers. The
actual data points are not plotted for reasons of clarity; they showed a
maximum scatter of + 37 for the straight channel inlet and + 1.5% for the
curved channel inlet. B

The Reynolds Number (w uy,)/3/, used in these tests ranged from
1.5 x 1064 to 6 x 104,

FLOW CHARACTERISTICS

Channel Flow Without Injection

1. STRAIGHT CHANNEL

The velocity distribution in the straight channel without injection
was essentially uniform, except for the boundary layers on the walls.
The boundary layers and their parameters are shown in Fig. 4 and in
Table 2. It c.n be seen that for higher main stream velocities the
changes of the boundary layer values are small. At lower velocities
the boundary layer develops faster toward a "fully developed'" velocity
distribution in the channel as would be expccted. The static pressure
dropped almost linearly from a value oflSP/qo= 0.14 at the inlet to
zero at the exit of the straight channel.

2. CURVED CHANNEL
(a) Approximate Calculation of the Flow

The inlet v2locity distribtuion shown in the previous section
consists of a "potential flow core" with uniform velcotiy surrounded by
boundary layers. The secondary flow which is always associated with
real flow in curved channels is neglected in this first approximation;
i.e., the flow is considered two-dimensional. The effect of curvature
induced secondary flow is discussed later.

In all curved channels tes* 1, the radii of curvature were small
enough to cause flow separation at the inner wall. Alchough such a separation
cannot be explaineu without consideration of the viscous forces acting
mainly in the boundary layer, the assumption of inviscid, incompressible
flow was made for a first approximate calculation of the flow configuration.



With the further assumption of uniform velocity distributions upstream of

the curved channel! and in the unstalled portion of the exit cross section,

the size of the stalled exit area can be determined by the static pressure
drop thru the channel. If this pressure difference is known from experiments,
ue can be calculated from Bernoulli's equation py - pe = £/2-(u.” - uoz)

ard the exit flow area A, is easily obtained from continuity.

To establish the separation boundary within the channel an assumption
of the shape was made as will now be described. Since the channels con-
sidered here have a relatively strong curvature, the separation was assumed
to start at the beginning of the curvature and a circular arc was” used to
connect this separation point with the point A, marking the stalled exit
area. The assumed circular arc starts tangentally from the straight part
of the inner wail and therefore does not end perpendicular to the exit plane.
In actuality, the separation point is located some distance dowastream of
the assvmed location and the boundary of the stalled region will be as
indicated by the dashed line in Fig. 5. However, the boundary layer cam be
expected to thicken upstream of the separation point, thus moving the
"potentizl flow core' away from the wall and filling the wedge-shaped flow
region bounded by the wall, the dashed line, and the assumed separation
line.

Admittedly, the somewhat arbitrary way of establishing the separation
line must fail for channels with very small radii of curvature as can be
seen by considering the extreme case of a zero radius of curvature inner
channel wall, 1In this case, the separation line would be a continuation
of the upstream channel wall and at the same time would coincide with the
exit plane.

This flow model is based on several significant simplifications and
therefore cannot be expected to agree exactly with experimental data. How-
ever, it is questionable if further refinement based on the concept of two-
dimensional flow, e.g., a boundary layer calculation to determine the
separation point, would bring any significant improvement. The secondary
flow due to the curvature might completely change the effects of the refine-
ments., It is also undesirable to rely on more empirical data thar necessary
for this analysis since the applicability of the results would then be re-
stricted by the limited range of geometrical configurations for which data
are available. For the approximate caiculation described here, only the
static pressure difference between the inlet and exit of the channel need
be known and this data can easily be obtained.

For the curved channels, the method described was used to determine
the boundaries wf the unstalled flow region. To determine the flow pattern
within this region the potential flow distribution was calculated. This
required a solution of the Laplace equation:

'8 % _
ot =0

where ¢ is the flow potential (u:aé/ﬁx, v:afp/ay Y. Except for simple
geometric configurations and certain types of boundary conditions, it is
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net possible to obtain a2 closed solution for the above equation. Of the
graphical and numerical methods capable of a solution of the general case,
the rciaxation method is probably the best. A digital computer program *
using over-relaxation was applied t> determine the distribution of the stream
function {¢=0y/Jdy,v=Jy/dx ) in the channel. An example of a stream-

line pattern obtained by this method for channel R = 0.4 is shown in Fig.

5. From the streamlines, the velocities and static pressures can be calculated.
To determine the pressure distributions along the walls, additional stream-
lines not shown in Fig. 5 were used. Their stream functions differed by
0.025 from the value for the inner wall (stream function 0.0) and the.outer
wall (stream function 1),

It should be noted that, although a potencial flow solution is in-
dependent of the flow velccity, the method describea here takes into accouant
the variation of the inlet velocity, u,, since a changud pressure drop in
the channel (due to change of ug) effects the size of the unstalled portion
of the exit plane (A,).

(b) Comparison with Experiments

The calculated unstalled flow boundary at the exit plane Ae using the
pressure drop method is marked in the plot of measured velocity wrofiles
which are described later (Fig. 17). The calculated boundary coincides
reasonably well with the strong velocity gradient measured between the flow
and the stalled region.

The solution for the unstalled flow region found by the described
calculation method is compared with measured angular velocity directions,
wall static pressure data, and exit velocity profiles in the paragraphs below.

The average flow directions as obtained from hot wire X-probe surveys
along a perpendicular to the plane of curvature are indicated by the short
straight lines in Fig. 5. The agreement with the directions of the stream-
lines is generally good.

The static pressure distributions along the inner and outer walls and
across the bottom at/9== 500 are shown in Fig. 6(a) in comparison with the
calculated pressure. The calculated values along the side walls agree fairly
well with the data. They all show higher values in the vicinity of the = 0
position. This discrepancy could possibly be reduced by cinsidering the in-
creasing boundary layer thickness in that area. In the expcrimental data
the pressure peak at the outer wall moves further downstream with decreasing
radius of curvature, while the calculation does not show this effect. An
improvement of the theoretical results could be obtained by ua:rsuming a non-
uniform velocity distribution at the exit with decreasing velocities toward
the outer wall. The measured exit velocity profiles (Fig. 16) show indeed,
that the assumption of « uniform velocity distribution at the exit becomes
less correct for decreasing radii of curvature.

The deviation between measured and calculated pressure distributions
may also be partly due to the effect of the secondary flow. Such an effect
is evident in the pressure distributions measured along a vertical line on

*—_The program was a slightly modified version of the one described in Ref. 8.
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the outer wall, as described in section (c) below.

The pressure distribution across the channel for three channel curva-
tures at ﬁ? = 500 is shown in Fig. 6(b). The calculation agrees very well
with the data for the channel R = 0.4,but with poorer agreemen:t, as expected,
for the stronger curvature.

(c) Curvature Induced Secondary Flow Effects

The centrifugal forces resulting from flow in the curved channels creates
a pressure field with increasing pressure toward the outer wall. The veloci-
ties in the boundary layers along the side walls are not large emough to
balance these pressure forces. Therefore a circular motion called "secondary
flow", is set up in a plane perpendicular to the channel walls. It forms
two vortex type flows located symmetrically on both sides of the channel
centerplane as shown in the sketch below.

>y

—— |, —
Attempts at quantitative calculations of the secondary flow, have been
nade but no complete general theory has been developed at this time. 1In the
tests described here, the secondary and primary velocity components were cal-
culated from flow angles measured by means of a hot wire anemometer X-probe.
The disadvantage of this me-nod is ttat the third flow component (z-component
in this case) is includea in both the u and v components. However, it can
safely be assumed that the z-component is very small in the center portion
of the unstalled flow region, a sufficient distance away from the outer wall,
inner wall, and separation boundary, respectively. A typical primary and
secondary profile is shown in Fig. 7 and a three dimensional representation
of the same profiles is presented in Fig. 8. Near the channel exit, the
secondary flow velocities outside the boundary layer reach values in the
order of 10% of the reference inlet velocity, u_,, at the channel inlet.

o,

Since the zero reference direction of the hot wire X-probe was perpen-
dicular to radial lines from the center of curvature, it did not generally
coincide with the avserage direction of the flow. Therefore, the secondary
flow component was established from the X-probe data by iterations of the
zero, reference direction until continuity for the secondary flow component

( Sﬁudz = 0) was satisfied. As mentioned earlier, the average flow
o 4

direction found by this method is compared with the potential flow sclution
at several locations in Fig. 5.

Similar X-probe surveys were conducted in the same channel with various
injection fiow rates. The results were not significantly different from
those without injection.
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Another effect of the secondary flow is indicated by the pressure vari-
ation on a vertical line (2~direction) along the outer wall. Measurements
taken at /A = 50° showed that the highest pressure occurred in the center
plane. The decrease toward toward the two side walls amounts to approxi-
mately AP/?. = 0.06. It is remarkable that this amount is practically
independent of the absolute pressure which varied for the different con-
figurations used in these tests over a range of approximately 0.5 to 5
times the ambient pressure.

Channel Flow With Injection

1. STRAIGHT CHANNEL

Previously, a brief description of the flow pattern in straight and
curved channels was given. In view of the application to fluid state ampli-
fication, it is of special interest to investigate the change of these flow
patterns due to the injection of a contrecl jet.

An approximate analytical method to calculate the flow in a straight
channel with crosswise injection of a jet is presented below based on the
following assumptions (see sketch below):

(a) Two-dimensional incompressible flow of an inviscid fluid. (The
side with the port is called the "inner wall" in analogy to the curved
channels).

(b) The jet width is small compared with the channel width.

(c) The main flow velocity profiles at the inlet, ug, and at the exit,
ug, and the jet velocity, u:;, are uniform.

(d) The static pressure in each cross section of the main flow region
is determined by the average velocity obtained from the continuity equation;
i.e., there is no upstream effect from the injection. The resulting pressure
distribution (ambient pressure = 0) along the walls is indicated qualitatively
in the sketch below. In reality the pressure distribution will be more like
the one indicated by the dashed lines.

(e) The static pressure in the stalled region is equal to ambient.

HERERE .
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Applying the Bernoulli equation and the momentum equation in the x-direction
to this flow model one obtains

o Us +P= /Ut pe
@9

and (by including continuity, Ae /A4, = x./a,}
poAletp ot} = pfAstts et Ajaf )+ po Ae @
Combining equations (1) and (Z) for pe = 0 leads to
2
Uy o4 /4'(/1(‘ 1__
Lj.7Ue - J L = 3
(%)-24% +1 24 (%) =0 (3

from which follows
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The calculated values for Ae or
b= Ao = Ae (5)
h

agree fairly well with experimental data, as will be shown later.

In applying this type of flow to fluid state amplification, the dimension
b above is not alone sufficient to determine the optimum location of a pick-
off. Were such a pickoff placed a distance b from the inner wall but too
far downstream, the flows in the stalled and unstalled region would have
nixed from diffusion and the amplification effect would be lost. For a pick-
off location too clcse to the injection port, the main flow displacement
would not be optimum. Therefore, the dimension "a" needs to be known.
To calculate "a" accurately, the location and shape of the jet centerline
should be obtained from a detailed analysis. However, since there was not
enough data available on a plane jet in a crossflow, a first approximation
was made by assuming a shape of the jet and applying the momentum theorem in
the y-direction to the control volume bounded by the dotted line on the above
schematic, With the jet leavirg the slot perpendicular to the wall and reach-
ing a direction parallel to the wall at “a'", the jet curve was assumed to be
elliptic. Since the momemtum equation gives an integration of the forces
and only the value of "a'", not the complete jet shape, is to be calculated,
this assumption should not prevent a reasonable result.

With the origin of the x~y coordinate system at the center of the assumed
elliptic jet curve, (refer to the above sketch) the equation for the center-

line becomes
y = bl/1-(x/a) ®)

and the angle ¢¢ in the above sketch can be expressed by

O¢ = dre f‘g/—-;,:f-:) (7
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Applying the continuity and Bernoulli's equations yields

%uc (u() [1 (1- yj ] @)

for the pressure “< ference between the main stream a2nd the stailed region
(assumed equal tc exit pressure) at ary location x.

According to the momentum theorem, the irtegral of the y-component

pressure forces, over the control volume (dotted line in the sketch) must
equal the applied momentum (Mj) force in the y direction:

P=F /, . x _ ,4:-'2“?
_3%/1%2 (Cosz)dw = 1.9 %':—— (9)

Combining (6) to (9) and rearranging yields

1-tp ) (b)) 4, [,
j-(_.b 73t ](05- G/’Clc '—T—j C(/:X: =2“—L H, (10)
-fj 1 /aj.'(,:)b)" 9&%-%] b b If{e)

Equation (10) has been evaluated numerically with resulting values of b and
a plotted in Fig. 9 versus the ratio of jet and mainflow momentum.

A comparison of the above method with eyperimental data is indicated in

Fig. 10 for the two injection ratios of u; = 2 and 4. 1In view of the
assumptions included in the calculation, %he agreement is good.

For the injection rate of u;/uj, = 2 and 4, the wall static pressure dis-

tribution is plotted in Fig. 11.” A considerable deviation from the assumptions
made above is the low pressure in cthe stalled region. The same type of dis-
tributions were measured for other injection rates and for different main
stream velocities. The variation of the upstream pressure with injection is
shown in Fig. 12 together with that of the curved channeis.

Equation (4) can also be derived for counterflow injection. The result

Lo 1+2 fl(;‘—{l)l (1)

0

gives higher values for b than with crossflow (see Fig. 9). Experimental
data described later show indeed a further shifting of the velocity profiles
of roughly the amount predicted.

No attempt has been made to calculate "a" in the same way as in the case

of crossflow. It is believed that the viscous mixing effects are too large
to be neglected here since the injection and the main flow not only have
different velocities, but also opposing directions.

Additional information on velocity profiles in the straight channel is

presented later in the section on Flow Modulation.

2,

CURVED CHANNELS

The main effect of an injection at the inner wall on the flow in curved



channels is the enlargement of the stalled region. The resulting strong re-
striction of the exit area imposed on the main stream leads to a rising
static pressure difference between inlet and exit with increasing injection
as shown in Fig. 12. From the pressure drop thru the channel, the unstalle
portion of the exit area can be calculated using Bernoulli's equation and
continuity as before. The separation boundaries thus obtained are marked

in Fig. 17. As in the case without injection, the calculated boundaries
coincide with the strong velocity gradients.

The stalled area was made visible by means of a fluorescent o0il technique
as described earlier. Fig. 13(a) shows a photograph of the inner wall, and
Fig. 13(b), the side wall of Channel R = 0.4, Bright regions represent stag-
nating flow. It can be seen that the separation line on the inner wall is
not straight, but has a peak in the centerplane of the channel. The shape
of the line can be explained by the curvature induced secondary flow, which
has velocity components pointing toward the wall in the vicinity of the side
walls and components pointing away from the inner wall in the center portion.
The black streak in the picture of the bottom wall Fig. 13(b), indicates the
curving secondary injection jet. From a series of such pictures the change
of the separation point with injection can be established. Fig. 14 shows .
the movement of the peak point (center plane) of the separation line on the
inner wall for Channel R = 0.4 as a function of injection velocities.

A further indication of the variation of the flow pattern with injection
is the change of the pressure distributions along the turn walls. Fig. 15
gives these distributions for crossflcw and two counterflow injection con-
figuratio.s in Channel R = 0.4. As indicated in Fig. 12 the pressure level
rises with increasing injection rate., Fig. 15 shows how the various types
7f injection effect the shape of the wall pressure distribution. For the
channels with different radius ratios, similar pressure variations were
noted.

FLOW MODULATION

Use of Injection for Amplification

As mentioned earlier in this paper the injection of a secondary flow into
the primary flow in an enclosed channel is well suited for direct flow amplifi-
cation. The separation characteristics are altered by the injection, result-
ing in a redistribution of the stream velocity over a selected cross sectional
area of the main channel. This redistribution is in proportion to the second-
ary injection and therefore provides a proportional mass flow, momentum or
power gain as defined in any fluid state amplifier. However, the flow is
merely pinched rather than deflected as in the usual fluid amplifier.

Since velocity profile changes are the essence of this amplification, we
will begin by discussing the experimental velocity measurements. Velocity
profiles measured at the channel exit for each of the unity aspect ratio
channelsused in these experiments are shown in Fig. 16(a) without secondary
injection and in 16 (b) with a counterflow injection velocity of 3 times the
entering main stream velocity. Data symbols are not shown to avoid loss of
clarity. 1In the zero injection data, the separated region and the consequently
higher velocity toward the outer wall of the curved channels is clearly evident.
It should be pointed out that the data shown in Fig. 16 are the absolute vel-
ocities, not velocity components normal to the exit plane. The angular
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deviation of the flow and thus the reduciion in the normal component, increases
as the bend becomes charper; e.g., the normal component velocity data for
Channel R = 0 ir Fig. 16 is roughly 207 lower than the absolute velocjty shown.

The secondary injection, as shown in 16(b), causes the width of the high
velocity plateau to become smaller than without injection, but the velocity
is higher. In the straight channel the injection induces a separation so
that the redistributed velocity profile begins to approach that of the curved
channels.

A typical example of the exit velocity profiles for various injection
rates for a particular channel (Channel R = 0.4 with counterflow injection)
is presented in Fig. 17. 1In this figure the shift of the exit profiles result-
ing from injection velocities increasing from zero to 4 times the entering
stream velocity are clearly evident. Since the quantity of injection fluid
is much less than the primary stream flow, this redistribution of the velocity
profile results in amplification. It can be seen in Fig. 17 that the shift
of the velocity profile is a direct function of the injection velocity. 1In
the next subsection it will be shown that this profile shift is in general
linearly proportional to the injection rate.

Gain Results

Referring again to Fig. 17, an integration of the velocity data over the
region y,-y; in the form 'yﬂxdy represents the mass flux thru that area or
the quantity of air that would flow thru a receiver passage if a corresponding
splitter pickoff were located to receive flow in the cross sectional area be-
tween y| and yp. To determine the maximum mass flow gains for each channel
and injection configuration, integrations were carried out over a series of
yy and y, values. These integrations assumed that the flow is two-dimensional,
which is of course not exactly true in the curved channels. However, the
exit velocity profiles in the z direction were nearly flat except in the low
aspect ratio channel.

A typical example of integrated output mass flow as a function of counter-
flow injection mass flow for each of the unity aspect ratio channels is pre-
sented in the lower portion of Fig. 18. The correspoading mass flow gains,

Gm, are tabulated on the figure. These gains are of course only for the
channels alone. When combined in a Double Leg Elbow amplifier for example,
the overall differential output gain would be over 200 for most of the results
shown. ©Note that the slope of the straight channel data and thus the gain

is greater than any of the others, but it also has the smallest linear range.

High mass flow gain is not necessarily the most important feature to
be gained from tlie modulated channels. Rather, it is the momentum slope
that is the important factor. We say this because the use of the channel
output for high gain amplification utilizes the momentum produced (see
Appendix C of Ref 1, for example, for the governing equations) to deflect
another stream. Thus, calculations of the momentum flux, or / ‘U dy were
also carried out for all of the data over the same set of integration limits.
The momentum results for the above mentioned conditions are presented in the
upper graph of Fig. 18 in the form of

output momentum flux
momentum flux over the same output cross section without injection
as a function of injection mass flows.




The important parameter is that which determines the ultimate amplifi-
cation produced if the channe! were used as part of a fluid state amplifier.
This parameter is thi output momentum produced per injection mass flow in-
put, orGym = A ‘u"&y/[_,’_yf’:&:,y]%__o . It is simply the slope of the

Avﬁ:, / Mg
romentum vs mass flow curve as shown typically in Fig. 18. The corresponding
values of Gy/m are indicated on the figure.

pJ]

One more item of real importance in evaluating the gain effectiveness
of the channels is the energy flux characteristics, or in fluid state terms,
the fluid power. To obtain the power characteristics we integrated much of
the data in the form jfj-u3dy. Typically power gains fall in the 1 - 2 range.

S,

The final parameter of interest In eviluating the results is the injec-
tion power required, or Uj3A'/u03Ao , to produce a given mass flow or
momentum gain. This will be included i1 the overall discussion in the next
subsection.

Returning to mass flow and momentum mass flow gain considerationms.
Mass flow gains of up to 5.3 were measured in the experiments; the highest
gains occurring with counterflow injection in the straight channel. Momentum
per mass flow gains of over 22 were obtained; with the highest values obtained
in the lo7 aspect ratio curved channel.

For a particular channel and type of injection, the gains vary as a
function of receiver cross section width yz-yl), streamwise location of the
receiving cross section, and streamwise location of the injection slots in
the curved channels. 1In general, receivers extending from yj/w = 1/3 orx
1/2 to the outer channel wall were the mcst effective; the wider receiver
being best for the straighter channels.

The influence of receiver cross section location with respect to the in-
jection point was investigated in the straight channel wherein it was found
that both the peak mass flow and the peak momenium per mass flow gain occur
about 0.4 channel widths downstream of the counter-flow injection port. How-
ever, the peak momentum per mass flow occurs as a result of a wider receiver
and decays much faster upstream than the mass flow gain. The results in
the straight channel suggest, as mentioned earlier, that an optimum location
for velocity redistribution will occur at the point downstreamcf the in-
jection slot where the injection stream has been fully turned toward the flow
direction. Downstream of this point the flows tend to diffuse and thus lose
their identity.

In the curved channels, however, there does ot appear to be a strong
effect of streamwise location on the velocity redistribution. This is to
be expected because the centrifugally induced secondary flows of the curved
passage tend to maintain the profile integrity around the full turn. How-
ever, some data obtained in the low aspect ratio channel indicated that
there may be a modest increase in gain for injections close to the natural
separation point if the receivers are located a short distance downstream.

Further experiments indicated that the location of the injection port,
using counterflow, with respect to the channel inner wall, is also a factor
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in providing velocity redistribution. The effectiveness tends toward a
maximum between 60 and 75 degrees around the turn. This result agrees to
some extent with data published in Ref, 1 for a somewhat smaller aspect
ratio chennel (.625) that showed counter flow injection in the/9== 70 to
80 degree region was the most effective.

One other effect should be mentioned before discussing the overall
results; that is, theeffect of absolute stream velocity on the gain results.
A majority of the experiments were¢ conducted at incoming primary velocities
of 50 fps, but enough injection tests were also conducted at 100 fps to
indicate that no major variatiocns in the performance will result. The only
significant difference with respect to gain effectiveness noted was in the
straight channel where a somewhat greater injection velocity was requirec
to initiate a3 significant main stream velocity redistribution. This would
be the equivalent of bias flow in a fluid state amplifier. However, the
eventual output slopes were not significantly altered.

Jverall Comparisons

As mentioned earlier, the mass flow and momentum gains for all of the
channels do not vary over a broad range, although a trend toward higher
effectiveness with the straight channel is evideat. Table 3 below briefly
summarizes this information:

TABLE 3
Channel Counterflow Injection Crossflow Injection
R Max Gh Max GM/th Max Gy Max GM/m

0 3.7 13.5 3.7 13.5
0.2 3.7 16.5 3.3

0.4 4.3 18.1 3.5 13.3
0.4(h/w=.208) 4.3 22.3 2.8 8.5
1.0 5.2 21.2 4.9 19.9

The trends indicated in the above table can only be compared realistically,
however, in terms of the energy required to produce these gains. Accounting
for energy requirements will ailow for minor variations in injection port
geometry. including velocity profile variations. This accounting is necessary
since, as was shown in Ref. 1, decrcasing the injection port size (and thus
increasing the injection energy for a given flow) results in a direct
improvement in gain. Therefore, for evaluating the gain data herein, the
power required at a fixed injection velocity ratio of 2.0, which is within
the linear range of all of the tests, was calculated for all of the test
configurations. This factor, in the form of injection powe: per primary
flow power,le/wo, was used as a basis for comparing all of .+ gain resulrcs.
In other words, the mass flow or momentum gain per injection puwer required
is a figure of merit for evaluating any channel and injection port geometry.

On this basis the peak gains for wach of the test channela are shown
as 2z function of the radius ratio in Fig. 19. This figure makes the fellowing
trends apparent as listed below:



1. The counter flow injection method is more effective than cross
flow injection.

2. For the counter flow injection method, the effectiveness improves
as the channel becomes straishter.

3. For the cross flow injection method, channel curvature does not
appear to be significant.

4., Effectiveness appears to decrease as the channel aspect ratio is
reduced.

A word of caution must be raised at this point. Our program is still
in progress and will extend further than reported herein. The test circum-
stances reported so far are not necessarily universal. The entering flow
in all cases was made up of a low turbulence core and a relatively thin
turbulent boundary layer. These conditions are not necessarily what is
found in a fluid state amplifier where 3 more fully developed turbulent flow
is likely. Our work will progress into this area. 1In the curved channels
this is particularly important because of its effect on the natural separa-
tion point and on the generation of secondary flow. It should also be
reiterated that the mass flow and momentum data from the gradually curved
channels (R = 0.2 and 0.4) appear to be more nearly linear than in the
straight chanrel, another item requiring further investigation. Moreover,
concerning item 2 above, a more detailed probing of primary velocity
profiles within the curved channel in the region nearer the natrual separa-
tion point may provide increased gain effectiveness as some preliminary
data indicated.

Referring to item 4 above, it seems logical that the gain effectiveness
would be less in a smaller aspect ratio channel because a much greater
proportion of the flow thru a cross sectional area is in the boundary layer.
For this case, the injection velocity, instead of acting mainly on the inner
wall boundary layer, is also acting on the top and bottom boundary layer
where its effectiveness is probably reduced.

In summation, however, it can be concluded that significant mass flow
and momentum gains can be generated by injection induced separation in closed
channels. The loarge changes in the primary or power flows are caused by,
and varv continuously with, the small changes in the secondary injection
flows when the injection flows are directed so that they can cause continu-
ous changes in the primary flow boundary layer separation points.

CONCLUDING REMARKS

We have shown herein that large changes in the output flow of a curved
or straight channel can be wrought thru judicious injection of a smaller
secondary flow into the channel. The injection flow changes the separation
characteristics of the primary flow such that a higher velocity, and thereby
higher mass and momentum flux, is available over a selected downstream
cross section of the channel. 37




A satisfactory analytical approach for the solution of the flow f_eld
in a curving channel was developed and compared with experimental results.
With some further extension the approach will lead to a good understanding
of separated flow in curved channels. Further, a method for calculating
the primary flow redistributions from secondary injection in.o a straight
channel was derived. This method compared well with measured data.

The extensive experimental data lead to some very interesting and
hitherto unknown observations concerring injection into closed channels,
particularly with respect to use in fluid state amplification. It was
established, among other things, that the secondary injection method applied
to any channel curvature can be effectively utilized for significant flow
or momentum gain. Moreover, it is apparent that injection into the boundary
layer, parallel but opposite to the primary stream is superior to crosswise
injection and that a small aspect ratio channel is less effective than a
unity aspect ratic channel for the inlet conditions tested.

The program reported here will be_continued and expanded to include
new test models and flow conditions to verify and generalize observations
and conclusions to date and to continue to learn about the properties of
these complex but important flows.
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NOMENCLATURE
a half-axis of ellipse, distance from injection slot
A cross section area
Ae unstalled portion of chamnnel exit area
b helf-axis of ellipse, distance from inner wall
G mass flow gain, Moyutput/mj
GM/& momentum per mass flow gain, (defined on page 15)

h channel height

H boundary layer form parameter, él/éz

mass flow

momentum

exponent for correction of X-probe data

static pressure

pressure differen.e with respect to ambient, p - p ambient
velocity head, 1/2pu2

radius

radius ratio of channel inner to outer wall radius, riw/row

%
o H.oT oD XS
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primary velocity, x component
total velocity

secondary velocity, y component
voltage

channel width

power

(o]

} coordinates

angle indicating slope of injection jet curve
turning angle of curved channels

local flow angle

boundary layer thickness

displacement thickness

momentum thickness

angle between local flow angle and normal to hot wire
X-probe wire angles with respect to a reference
kinematic viscosity

density

velocity potential

stream function

N

-é"e“b\-" OmQ/sv(y\g(tDQ NG X EE S

Subscripts

e exit
j injection jet

iw inner wall

ow outer wall
o inlet conditions

1,2 integration limits, X-probe wires

APPENDIX

Determination of the local flow angle ¥ from X-probe hot wire

measureuaents.

Pictured below are sketches of the X-probe showing its alignment

in relation to the air stream.

Each wire of the X-probe was individually calibrated for senstivity

in yaw. Because of end effects a modified cosine equation was used as
defined below:

40
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U = U(cos €1)n1 (A1)



Ref Line

VIEW A-A

From view A-A

o

8, + €, +3’=-9o°aml € =90 -~ +7)
substituting these in equation Al we obtain

v, =U sin (6, +7¥) (A2)
Following the same procedure for the other wire we obtain

4

=u sin (0, - 6’)“3‘ (A3)

Combining equations A2 and A3 to eliminate U gives

B _sin(6-7)
U, Sin(8 +7 )*

(a4)

The exponents, n] and n), were determined for each wire from yaw cali-
brations. The angles, 61 and 67, were determined by calibratiocn after
the X-probe was fixed in place in the movable plexiglass channel top.

Uy and U were obtained from their respective voltage measurements

during the run and by using their respective calibration curves V1,22 =
A+ B\/ Uy,2, where A and B are constants. With these values the angle
&S can be found by a trial and error solution. A computer program was
wirtten which utilized the measured voltages, Vi 2 and solved for Uj and
U2, then plugged these values into equation A4 and solved for ¥ .
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Eig. 3. View of typical test
configuration with X-probe hot
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curved channel
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(b) Flow injection
pattern on side wall

13. Fluorescent oil photographs of wall flow patterns, channel R = 0.4

+0

O ug=150

30

20

10

)iy, =100

|
|
I
i
t

uj fug,

Fig. 14. Location of
separation point,
channel R = 0.4



35

Toyectto
20 :3 Coda” ton Tyre ot

Yo ﬂ 1- Jectior

© 2.4 o0° tounter flow

A 2.% ,5° rounter flow
L5 - 8 2. 6€° Cross flow

® o.0
10 -

\
0.5
Curved section
o\ B 15° 30° 45° 60° 75  |%0°

0 3 i 1 i L

L~ X/W 0.5 1.0 15

Straight section

Fig. 15. Wall pressure distributions with injection, channel R = 0.4

50



stauueyd orjex 3oadse L3jtun 1€ 103
009 = ¢ 38 uoT3oaful MOTJ I133UNOD

e~
90 = ¥ Inoyats pue yitm sayryoxd 31Xy ‘91 '31d wn
1auueyd ‘009 = g 3® uotrlodaful MoTjJ
123unod yitm sarrjyoxd L3rooraa I¥xXF LT ‘814 -m30 ors10
19UUT BOAJ BOURIS
N ! J 157
ol g L ANE & (A o m) K
I ¥
| .— 8 9 v* 0
’ 0 T T _
nuozhzé:
o " 0=y
1
»
4 4 g W.a
<
(1]
fa—l
-8 Tl » a00
“””
- V. d (rA
TN 91 - <
/! o
- . . .‘ku Q. N. °
CFITXRpUnRugE— 9 0uvd“. .MI/AHH,\\ . _ o
v/
UGUM*DUH 8D uoija+fut ou (v)
" e /
1=
PR— 'c“

0=y




suostaedwod 31aaw jo 9an81y uted jead [(eIBAQ 6T
¥ ‘or3ex snipey
o.— m. -o. w. —N. °
0
v
L L
f— ————————— - wON
-0V
o— """
807 =n/y sToquis pa1T1d L09
MOT 3 sso1d 7
4073 123uUn0) (5
0
v
I — ;
-1
e <
£

814

o°n/fm

°m/fy

W/Ro

1030BJ 3TI2W MOTJ SSBW

Yo

f1030®3J 3TI3W WNIUBMOK

201

syauueyd L3tun otrlea j3oadse 10J sOTIST

-1230B1eYd wnjuawow pue moyj ssew TeotrdLl QT

Ow/fw ‘mory ssew uoraosafug

ot
L B!
ol
L4
g

814

Sw/w ‘moty ssew iaaT009y

[ny ¢
" OR/W ‘wnjuswow I9AT09Y

O =

Ld

52




APPLICATION Of'PURE FLUID LOGIC TO
ON-OFF CONTROIL SYSTEMS

by

D. J« Nelson
and

H, Iwata

of

The Marquardt Corporation

ABSTRACT

Digital techniques are broadly classified into: (1) arithmetic
and (2) pure logic. It is noted that many cortrol problems can be
solved by using the latter technique.

Since, in general, there are alternative ways of representing
the same Boolean function, the pure-logic decoding network can
usually be simplified. Methods are outlined by which this can be
done. In many applications, the output decoding can be restricted
to two states which implies piecewise linear or on-off control.
This technique was applied to a pure fluid control system. The re-
sulting minimal logic circuit and exploratory systems synthesis are
presented.

INTRODUCTION

Since the announcement in 1960 by the Harry Diamond Laboratories
and Massachusetts Institute of Technology of fluid amplifying ele-
ments which have no moving parts, an almost exponential rise in
interest has been created in this country and abroad. Since these
devices can perform feats of logic, considerable fundamental research
has been conducted in the area of pneumatic digital techniques. Work
at The Marquardt Corporation has embraced both pure fluid element
development and applications to aerospace propulsicn system control.

Pure fluid control systems which are now emerging can be classi-
fied as either (1) analog, or (2) digital. Digital control systems
can be further classified as (1) arithmetic, or (2) pure logic. A
logic controller implies piecewise linear or on~off control. This
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class of controllers has been -used successfully for a number of years
because of its inherent simplicity and economy (Reference 6). A con~
trol system combining both pure fluid logic and on~off techniques is
presented.

Since there is always ar interrelationship between component de-
sign and control system requirements, it is necessary that control
system theory be applied early in the design stage so that realistic
component specifications can be established.

A. Control System Synthesis

One of the recent applications of pure fluid control tech-
nology at The Marquardt Corporation has been to the control of the
inlet spike of a supersonic ramjet engine. The basic problem can be
stated: How can position information for the inlet spike servo of
a supersonic ramjet engine be generated and operated on with non-
electronic components and with override ability using digital tech-
niques?

The overall control system can be represented by the simpli-
fied schematic shown in Figure 1. The position and override informa-
tion is encoded in a three bit pressure pattern which is generated by
three digital sensors. This pressure pattern is then decoded by a
pure fluid logic network which generates one of two possible position
commands. The commands are sent to an actuator. The feedback signal
is compared at the summing junction with an aerodynamically generated
reference position signal. The three digital sensors are: (1) an
obirique shock position error sensor, (2) a buzz sensor, and (3) an
unstart sensor. The two position commands are Retract and Extend.

It should be noted that '"buzz" is a low frequency combustion instabil-
ity while unstart occurs when the inlet delivers too much air to the
engine causing it to operate subcritically. When these flow conditions
are sensed, override signals must be generated,

The block diagram of the spike servo with overrides is shown
in Figure 2. This represents a nonlinear control problem. The prelim-
inary control systems analysis was based on phase plane technique,
since no other method of analysis seems to provide as much insight
where nonlinear problems are concerned. The detailed analysis of the
dynamics of the overall control system is given in Appendix A-l.

The analysis indicates that the control system is stable de-
pendent on the presence of a damping term to negate the effects of the
system transport lag. Limit cycle amplitude can be reduced to zero by
eliminating the transport lag in the system.

The additional effects of coulomb damping, deadzone, and lead
compensation on the basic system were studied with the aid of an analog
computer. Since the emphasis in this paper is on the application of
pure fluid logic to the control problem, details not pertinent to the
logic problem will not be discussed.



B. Circuit Simplification

In general, it is desirable to reduce the t*coset! of a par-
ticular logic circuit. "Cost' as used here refers to the general
value of a function which is to be minimized. For a pure fluid
logic circuit this "cost" will be a function of: (1) construction,
(2) failure rate, and (3) delay time. No other factors are ap-
parent.

1. Construction "Cost"

This 'cost'" will depend on the expense involved in
the actual comnstruction of the circuit.

e Failure Rate "Cost!

Circuit failure rates can be mini. =24 by using very
reliable circuit elements or by including redundant
circuit elements.,

3¢ Delay Time "'Cost"

This "“cost!" is the time it takes a circuit to respond
to a change in the input signal and can be minimized

by reducing the number of elements a signal must pass
through.

An ideal design method would be one in which the absolute
cost'" wovld be minimized automatically. Unfortunately, such a de~
sign technique does not exist for combinational logic circuits at
the present time. However, there do exist several systematic simpli-
fication procedures which have been developed to reduce the complexity
of any Boolean expression and hence any logic circuit. These tech-
niques are known as the Quine Simplification Method, the Harvard Sim-
plification Method, and the Veitch Diagram Simplification Method.
These procedures are based on certain specific definitions of circuit
icost" which will now be examined from a pure fluid logic point of
view. In particular, if it is assumed that delay time is of paramount
importance, and that the only other factor to be taken into account
is the number of components a systematic simplification procedure is
available.

The ast mption concerning construction "cost' assumes that
there is a one-to~one correspondence between the number of switching
elements and the expense of construction. This assumption is true
only to a first approximation. The assumption concerning failure rate
reveals that redundant circuits are not necessary. H. L. Fox has pre-
sented pure fluid failure rate data for a typical fire control system
(Reference 2). Even though the rather stringent assumption of poly-
morphic computational operation was made, it can be seen that the
assumption of nonredundant circuits is justified. The asBumption con-
cerning delay time requires that the resulting circuit be a two stage

55




56

circuit in which an input signal passee through only two gates before
arriving at the output. This assumption is just what is desired
since, in-a "tight'" pure fluid servo system, it is desirable to reduce
the time delay as much as possible. For applications where the above
assumptions are valid, the simplification procedures can be applied
(References 3 and 5). Some hints on the possibilities of pure fluid
logic simplification can be gained from a particular type of geometri-
cal construction which is restricted to the on-off servo case. The
possible tombinations of N binary digits (0 or 1) correspond to the
vertioés of a hypercube in N dimensional space. It is the job of the
logic unit to recognize the input space patterns and classify them
into one of two output states according to some arbitrary rule. Ex-
amples of two and three dimensional space are shown in Figure 3.
Classification corresponds to partitioning the input space into two
categories. It can be seen intuitively that the simplest logic
circuit will result if the logic is designed to recognize only those
vertices on one side of the partitioning hyperplane. The other combi-
nations will be recognized implicitly when the output of the logic
unit switches to a binary zero. This state can be converted to a use-
ful signal by inverting it. This, therefore, leads to a double ended
output with one leg inverted. Actually, these constructions only give
some intuitive insight into the problem and the real work of simplifi-
cation probably would be accomplished using veitch diagram technigues
since the veitch diagram method is not limited to the number of vari-
ables which are to be simplified.

Two six variable veitch diagrams are shown in Figure 4. Two
diagrams are necessary in order to show the complementary conditions
that exist on either side of t'e hyperplane in a six dimensional input
gpace.

In this case, each vartex of the hypercube is represented by
the cells in the veitch diagram. There are 26 such vertices. It is
not the purpose of this paper to explain in detail the veitch diagram
simplification procedure, but only to point out that it exists. The
truth table of all possible input pressure patte:ns and required
action is shown below.

B U Ss R E
0 0 0 0 1
0 0 1l 1 0
0 1 0 0 1
0 1 1 0] 1
1l 0 0 0 1
1 0 1 0 1
1 1 0 0 1
1 1 1 0 1
TRUTH TABLE



The first three columns represent all the possible input
pressure patterns from the digital sensor encoding section. Tke
last two columns revresent the required action to be taken by the
controller. Figure 5 shows the same information but gives some
insight into how much the above decoding logic can be simplified.,
The logical requirements of pure fluid logic gates based on the
""NORY concept require the use of an inverter,; that is, the power
jet of the switching element must be monostable. This fact leads
to the concept of a high gain, negative resistance, analog amplifier
used in a saturated mode. The TMC vortex ampi fier (described in
"Experimental Studies of a Proportional Vortex Fluid Amplifisr")
has a negative resistance characteristic and a pressure gaia measured
as high as 200 when designed to operate in its high gain region.

The resulting decoding pure fluid logic circuit (after simplifica-
tion) based on the TMC vortex amplifier is shown in Figure 6. It
should be noted that an HDL flip-flop is used to convert the single-
ended vortex amplifier to a double-ended output. This pressure
pattern decoder unit has been successfully tested in the Marquardt
Electromechanic=i Iaboratory. It is planned to couple the pressure
pattern decoder unit into the overall control system diagramed in
Figure 2.

CONCLUSYONS

Even though the final choice of a controller depends on the
details of a particular control problem, there are certain general-
izations which can be made.

1. In general, a pure fluid on-off servo would not be
considered for most applications where power availability is limited.
On the other hand, in applications where the power is available
(large boosters, airbreathing ramjets, etc.) the inherent short rise
time of an on-off servo is attractive for applications requiring
fast response.

2. For applications which require a controller to operate
in an environment in which the signal-to-noise ratio is low, but
where high temperature operation is also required the advantages of
pulse information transmission via an on-off servo combined with the
high temperature advantages of a pure fluid logic unit should be con-
sidered.

3 For systems in which an inexpensive control solution
is sought, an on~off control with simple compensation is often
completely adequate. Of course, as compensation requirements become
quite complex,; trade~off with a linear controller is often considered.
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PHASE~PLANE ANALYSIS OF DIGITAL PRESSURE PATTERN
SPIKE CONTROL SYSTEM

APPENDIX A

Derivation of Trajectory Equation

For second order system with discrete nonlinearities, mathematical
functions can be derived which represent the motion of the system.
Simplification of Figure 2 is achieved by block diagram manipulation to
combine the nonlinear element as shown in Figure 7. The nomenclature

used in the following derivations is also shown in this figure. From the

modified block diagram, the equation of motion is given by:

’rSC + }.{ = —-——g——- (sign e ) (1)

Taking the second derivative of the error equation and substituting into
equation (1) the equation of motion can be expressed as:

Té"’é"’ - S—L—(signG) (2)

Equation (2) can also be expressed as:

. K L )
d€ . _ —K—%—é— (sign€) + €
d€ € (3)

By substituting the identity:

~ A€ _ ( 4é€ d€ y_d€ 2
€= % (2 ) @& "¢

Equasion (3) can be integrated to yield a relationship which is suitable
for display in a phase plane with coordinates € and € respectively.
Integration of equation (3) yields the trajectory equation: )

K, L . KK L KK, L é}=€

- T | Agf—(sign €)+é - L2 (sign € Mn| L2~ signes

where ¢ is a constant of integration evaluated at the initial conditions

+

specified. Equation (i) defines the relationship between error and error

rate during system transients.
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Delayed Switching Line Equation

To determine the equation of the delayed switching line consider the

system tc be moving under a positive applied torque. The equation of
motion as a function of time is:

Rl

Tx+x = B (5)

or in phase plane notations:

. K L .
i B 4]

-
Rearranging and integrating gives:

KK, L ]
t = -T!n[B + + C

(6)

Evaluating the constant of integration c¢ at 6 6 and t = 0, equation

(6) can now be written as:

t =T An [—K.l;‘?-}. +éJ[—Kl§-2—£+ éoJ N (7)

Let éo be the point where the trajectory crosses the € axis. Torque
reversal now will be effective at t = T. If T is substituted into equa-
tion (7) and combined with the trajectory equation (i) an expression for

the effective or delayed switching line results.

First the constant for equation (L) is evaluated at € 60 and

€= 0 so that equation (h) may be written as:

€, "€ ok € €, el €

T —— + pr—

KK, L n KX L K.‘K I TFK L
B B

Substitution of equation (7) into equation (8) results in the expression:

€,-€ €
e[ e

(8)



By eliminating éo from equation (9) by substitution of equation (7) where
t = T, an equation for the effective or delayed switching line results
which is expressed as:

. . T T

€ € 'l T 7 € € T|T
- — 4 |1 + e -l - == == —-|l+—=|l1l-e (9)

KleL KlKZL J T TKLKEI_J XleL T

B B B B

or rearranging:
é= - € _[KlKgL][ T/T X 1] (10)
- 7-':1--3'1‘/'7.) B J-l-eT/T

The switching line is a straight line with a slope of TG T) and a€

l] . Vvhen the torque is negative

K.K.L
intercept of - 1z /T +
B 1 ...eT/T

the € intercept is positive.

Limit Cycle ILine

The system converges to a stable limit cycle and because of symmetry
the magnitude of the maximur. positive error will equal the magnitude of the
maximum negative error. Since the maxirmum occurs on the € axis, the .
constants of equation (i) can be evaluated at € =+ €4, - €, and €= 0.
Sign € will carry the same respective signs of € . Adding the two equations
results in the expression:

-1
. TK X ln 6 é
(€-€) + €-€)=-2TE + —L 2 [JI1 . 1 -
1 el B KlKZL KlKZL
B B
and noting that € 15 €5, the above equation can be simplified to:
-1
€ € € ] € 1]
— = - +% In 1+ 1 - (11)
TK KL K KL K, K,L KlKZLJ
B B 5 J B
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Equation (11) represents 2 curve in the phase plane which defines the
condition that if torque reversal occurs at the instant the trajectory
is crossing this curve, then the return trajectory will intersect the €
axis at a point equally distant but in the opposite directior from the
origin as the previous crossing.

Maximum Limit Cycle Error Rate

Intersection of the curve represented by equation (11) and the
delayed switching line (equation 10) gives the maxirmum value of error
rate in the limit cycle. Simultaneous solution of equation (10) and

{11) and denoting € as € nax. 5.5, yields:
)

% In fl + 6max.s.s.] 1 - ____ém:zx.s.s.

-— - XK. K.L
Kl}\ZL 172
j é"lax s.s T/ T
1 4 —max.s.s. e /T 5 _
K KL T (12)
- B

The maximum positive value error rate is equal in absolute magnitude to
the maximum negative error rate.

Maximum Limit Cycle Error

The expression defining the maxirmm error developed during the limit
cycle can be obtained by evaluating the constant of integration of equa-

tion (4) at € =€ max.s.s.> € = € AL S. S, and combining with

equation (10) to eliminate € . The magnitude of € max.s.s, can be

obtained from equation (12). The resulting expression for maximum error
for € > 0 is:

€nax.s.s. € nax.s.s T/ =
1 4 ——=== - | —— T - 13
l{lK_E K1K2L (13)
B B
e
emax.s.s. T T
—-_’____._.._._ e - - S —
TKE, L /T-1--% (1k)
B
e e



Equation (1L) can be further simplified by taking the log of the equation:

é € T € T/ o
{n |1 4 —maX.s.s.|  “max.s.s. /T _ —max.s.s. Ty , T (15)
KlKZL KIKZL 7'K1K2L T
B B B

For € < O the sign of émax.s.s. and  €pay o 5. Will be negative.

Limit Cycle Period

The period of a limit cycle can be derived by evaluating equation
(6) between the limits of - € oo o g, and + € oo o o Which give the

VALUE for 3 the limit cycle period P. Therefore, the limit cycle period
can be expressed as:

-1

€ ] € aX.S.8
P=2T fn 1+ —g8X.S.8. 4 |4  Z02X-5:8. (16)
K KL K KoL
B B

The predicted spike control system phase portrait and steady state
frequency characteristics are shown in Figures 8 and 9 respectively.

The existence of a stable limit cycle is dependent on the presence of
a damping term to negate the effect of the system transport lag. This can
be seen by analyzing the points of intersection of the trajectory of a
pure inertia load and the switching line in the first and third quadrants.
The switching line is orientated relative to the coordinate axis with a
positive sl.ze of 1/T. The trajectory of an inertia load with no damping
is &' parabola. The intersections of the trajectory with the switching
line occur at a large absolute value of error rate at each successive
intersection such that the trajectory diverges, thus indicating system
instability.

If damping is present, the trajectory converges or diverges, dependent
on initial conditions, to a limit cycle which 1s represented bty the
intersection of the switching line with the limit cycle curve shown in
Figure 8. If torque reversal occurs before crossing the limit cycle curve,
the trajectory will converge, and if the switching occurs after cPossing
the limit cycle curve, the trajectory will diverge. In either case, the
trajectory will approach a stable limit cycle as shown in Figure 8.
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A Fluid Bncoding Systenm

by

Dr. Charles K. Taft and James N. Wilson

Case Institute of Technology

INTRODUCTION

Pure fluid amplifiers have great potential advantages
for feedback control systems. Simplicity, low cost, ruggedness,
no moving parte, small size are just a few of these advantages.
In order to evaluate the feasibility of pure fluid amplifiers
as control elements, a complete incremental digital control

system is presently being developed at Case Institute of

Technology.

[

Figure 1 shows a block diagram of the proposed systenm.
The system will receive fluid flow pulses in either the plus
or minus input lines of a bidirectional counter C. Each pulse
directs the system to change the controlled variable 6 by one

increment or quanta. The position of the controlled variable

is detected by a direction sensitive pulse generator or

quantizer Q. This device feeds back a fluid pulse whenever

s v e

the controlled variable takes on values equal intervals apart.
The pulses are fed to the minus or plus inputs of the counter
depending on whether the controlled variable is increasing or

decreasing. The state of the counter is the algebraic difference
3 ()
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between the number of input and feedback pulses. This state
is the quantized system error which is then converted to an
analog signal by a digital-to analog converter D/A. The con-
verter output is amplified by the power amplifier P to deliver
power to an actuator A. The actuator then moves the lcad L

to reduce the state of the counter to zero.

This system is a basic type of digital control which
can pe uvsed to control any variable capable of representation
by a direction semsitive pulse train. If a direction sensitive
pulse generator could be developed which would accept a mech-
anical input rotation, the system could control any variable
which can be expressed as a mechanical rotation. 7Thus, the
design of a quantizer becomes an important part of the overall
control system design. This paper describes the encoder design

and development.

QUARTIZER IOGIC

A quantizer can be mechanized photoelectrically, electro-
magnetically or electromechanically by means of a rotating disc
which interrupts a light beam, or shunts lines of magnetic flux
or commutates electrical currentﬁl}Muzlogical circuitry used
to produce the quantizer output is essentially the same for
these three approaches. The basic form is used in the fluid
quantizer developed. The pnotoelectric quantizer operates as

follows: A disc is attached to the angular rotation to be



quantized. The disc has a series of evenly spaced transparent
and opaque zones around its circumference. The circumferential
widthk of the cpaque and transparent zomes at a fixed radius are
equal, as shown in Figure 2. Two or more pairs of photocells
and lamps are located at the zone radius. Tne photocells and
the lights are located on opposite sides of the disc so that
the transparent zones allow the light beam to reach the photo-
cells. The opaque zone prevents the light from reaching the
photocells. The relative position of the two pnotocells and
lights is adjustzd so that one photocell just begins toc receive
light when the other cell is half way between two dark regions.
This is illustrated by rotatirLz the disc at a constant speed
and observing the voltage output from the photocells. The
resulting wave form of the two voltages is shown in Figs. 3a
and 3b. If the photocells are located correctly, the two square

waves should be 90° out of phase.

If one photocell output voltage is differentiated, the
resulting pulses can be used to detect the tramsparent to opaque
zone transitions. These pulses then indicate when the controlled
variable (in this case angular rotation) has taker on particular
values. However, it is also desirable to distirguish between
clockwise and counter clockwise rotation. That is, it is
desirable to direct the pulses into one line when the rotation
is clockwise and into another line for counter clockwise rotation.
Figure % indicates how to perform this process. Call the positive

pulse generated by differentiating VA (the voltage from photo-
75




cell A),o(A and the uegatiwe pulseﬁA. Notice that when the
disc is rotating counter clockwise,BA occurs when Vg is off
andO(A occurs when VB is on. For clockwise rotationocA occurs
when VB is on andé?A occurs when VB is off. Tnus, using Boolean
notation,

CW =, . Vg +38, . Ty

COW =g, . Vg +ox, « Vg
The wave forms from photocells A and B, shown in Figs. 3a ard
5b, are for an arbitrary but constant angular rotation. The
Boolean equations derived are valid for any rotational speed.
Thus, the direction sepsing portion of the quantizer can be
mechanized by implementing the given Boolean equations with
electronic logic elements. Since, in the project described
herein, it is desired to produce a fluid quantizer, the logical

circuitry is mechanized using pure fluid devices.

PURE FLUID QUANTIZER

In order to miniamize power consumption in the computa-
tional circuits of the pure fluid control system, low pressure
air (1-2 psig) is used.

Quantizer Disc

The principle of the disc with alternate opaque and
transparent zones interrupting the light received by photocells

appeared to be a satisfactory concept to use in the design of
76



a pure fluid quantizer. A slotted disc is used to interrupt

the flow between a supply nozzle and a receiver nozzle. The
slots correspond to the transparent zones in the photoelectric
quantizer disc. The nozzles would play the role of light source
and receivers the roles of photocells. In this way, a pure fluid

quantizer is mechanized, as shown in Figure 4.

Two such nozzle sets are located on opposite sides of
the disc. The supply nozzles in each set are pressurized with
air. A plenum chamber slightly upstream from each nozzle main-
tains a fairly constant supply pressure PS. The receiver output
flow depends upon:

a. the net area of flow communication between supply

and receiver nozzle. The flow area depends in
turn upor the net angular rotation of the encoding
disc.

b. the relative distance between supply and receiver
nozzles and the encoding disc. To recover maximum
flow, the distance between supply and receiver
nozzles should be less than 6 nozzles widths, in

accordance with results reported by Albertson(e)
for a free jet. Increasing the distance between
either receiver nozzle and the encoding disc tends
to increase the leakage area to surroundings.

c. the width of the receiver nozzle. The wider the
nozzle, the more flow captured. However, there

is an upper limit on the width of the receiver
17
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nozzle to preserve good definition near a tran-
sition zone. It is noted that presence of one
edge of the disc slot near the edge of the supply
nozzle provides an adjacent wall to which the jet
may attach. The influence of a slot near a tran-
sition zome could increase or decrease the receiver
flow dependent upon which side of the transition
zone the slot edge is.

d. the receiver pressure which in turn depends on
the load being driven. Figs. 5 through 8 show
the normalized flow pressure load characteristics

of the receiver for variocus geometries.

It is apparent that the recovery chdracteristics are
most affected by the width of the receiver nozzle. Tne width
of the quantizing disc and spacing between nozzles have only
secondary effects. There does appear to be a slight increase

in recovered flow for the closer nozzle spacing.

The slots in the quantizing disc should have the shape
as showr in Figure 9a. As the disc turns, the supply nozzle
should be uncovered in as short an angular distance as possible.
This means that the nozzle included angle should be small
relative to slot included angle. Figure Sb shows the ideal
receiver flow at a fixed receiver pressure for various ratios
of nozzle to slot angle. The smaller this ratio the better

the definition at a transition point.



The radial length of both supply and receiver nozzles
is to some degree arbitrary and can be designed to meet the

flow requirements of subsequent circuitry.

PNEUMATIC DIRECTIOR SENSING CIRCUIT

A previous section described the logical approach for
determining direction of rotation using the photoelectric
quantizer. It is noled that a pulse indicating a change in
output voltage of one photocell is gated logically with the
voltage level of the opposite photocell. In order to eliminate
a one "quanta" hysteresis, the pulses indicating both the OFF
to ON and ON to OFF voltage changes on one photocell must be
used. In other words, the output voltage of the photocell

must be differentiated.

One means of obtaining the equivalent of a derivative
of a fluid flow or flow transition signal using pure fluid
devices is as follows: Consider a bistable element in which
one control port is flow biased before a flow level is admitted
to the supply port. The bias flow causes the initially unstable
supply flow to reattach to the wall dictated by the bias. A
portion of the supply flow may be delayed in time and admitted
to the opoosite control port. (The time delay may be achieved
by either a length of tubing or another bistable element).
When the flow in the opposite control port reacnes a value

sufficiently large to overcome the bias flow, the supply Jjet
19




80

is switched to the opposite wall. In this way a flow pulse

is generated from a step in flow. The time duration of the
flow pulse is related to both the delay time and the switching
characteristics of the bistable element. This scheme provides
a means of generating a flow pulse for a positive step in
control flow obtained from the quantizer receiver. The pulse
forming circuit is pre ented in Figure 10 which shows the

entire direction sensing circuit.

This method may pe employed to generate transition
pulses. Let QA be the flow signal from receiver A, andCKA be
the generated transition pulse. In order to generate a;ZA pulse,
a flow level which is present when QA is OFF and absent when %y

is ON is required.

A second supply receiver set spaced exactly one slot
width circumferentially from the set A would provide the
necessary complementary flow level. Practically, this is a
pvor approacin, for the spacing of eacn nozzle becomes critical
and could lead to erroneous information due to folerances in
the disc slots and relative spacing of the nozzles. A more
practical scheme is to use a2 single input active NOR gate,
which acts as an inverter. If QA is present, ths active nOR
supply jet is switched to the OR output. In the absence of QA’
the supply jet delivers pressure to the NOR output. Thus,
each output of the NOR gate can be shaped to form«, andf ,

transition flow pulses using the circuit described previously.



The use of a NOR gate for generating QA and its compiement
has several gdvantages over using a second supply-receiver set
to provide thne complementary flow:

a. The flow QA need only be sufficient to switch the
NOR gate. The NOR gate provides one stage of
amplification and, consequently,.the required
receiver output flow and Pressure is considerably
less (approximately a factor of 10) than that
required to generateo(A and A A pulses of similar
strength using QA directly in the pulse forminpg
circuit. Tois permits an increase in resclution
of the e#ncoding disc since the supply nozzles may
have smaller width.

b. The need or an extra supply receiver nozzle set
to generate the complementary flows is eliminated.

c. When the NOR gate output flows are used as supply
flows to the pulse forming circuits, the resulting
oy andBA pulses have much steeper initial slope
than otherwise obtainable with the Qs flow used
directly. Tnis is quite important at very low
angular rotation near a transition point. The
slope of the Q flow versus time curve increases
with increasing angular velocity. If a NOR gate
is eliminated, theo(A pulse before cut off has
essentially the same slope as the QA flow. Thea(A
(orp ,) pulse generated without the use of the NOR

gate varies both in amplitude and duration. 8
1
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It is desirable from an operational viewpoint
that theo! A and 2 j bulses which mist drive sub-
sequent circuitry have essentially the same amplitude
and time duration.

Ir using a NOR gate, a transition pulse is
generated only after the NOR supply jet switches
from one output to the other. The pulse forming
circuits are thereforz supplied with essentially a
constant flow. Hence, the 0(A andﬁA flow pulses
have constant amplitude and a time duration de-
termined by the dynamics of the pulse forming circuit.

Since there is some freedom in selecting the
amplitude and duration of the transition pulses,
this permits selecting a desired relationship to
obtain maximum speed of operation of subsequent
circuitry.

The use of a JOR gate to provide the coumplementary
flow signal eliminates the possibility of generating
erroneous pulses for sufficiently small oscillations
near a quanta point. This is made clear by con-
sidering the case in which an exira supply receiver
set provides the complementary flow. Call this flow
e

It is entirely possible that, due to inaccurate
nozzle spacing or unequal slot widths, there will
be a finite amount of overlap or underlap between

the QC and QA flow signal.



Assume, for clarity, that the ideal output
wave forms are rectangular and an oscillation
amplitude of less than one-half slot width occurs.
For this case, the QB level remains a constant
value. Hence, a change in QA gated with the QB
level generates a pulse indicating one direction
of rotation. Similarly, for a change in QC (comple-
ment of QA) with the same Qg level, the opposite
direction of rotation is indicated. For either
overlap or underlap of the QA and QC signals, it
is possible that the disc oscillates with an ampli-
tude sufficient only to intersect ore side of the
hysteresis region and return followed by a re-
entrance. This would generate either twoo<A or
two,@A pulses in succession, A bidirectional
counter recording the pulses would register a net
change in direction of two quanta while actually
there is no change.

This problem does not exist when a NOR gate
provides the complementary flow signal. This is
accomplished by the hysteresis in the input char-
acteristic of the NOR gate, as shown in Figure 1l.
It is impossible to generate tw00<A pulses in
succession without generating an intermediatet?A
pulse. In other words, for an oscillation about a
quanta point, a switch to the OR output (generating

anxxA pulse) must be followed by a return-to the
83
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NOR output (generating a,eA pulse) before a re-

switch to the OR output can take place.

The equations iescribing direction of rotation given

previously are:

Ch =o(, « Q +4, . Qg
CCW=0(A . QB+,8A . QB

It is noted that the complement of QB flow is recuired. A unOR
gate provides tne required complement, thereby reducing the

output flow pressure requirement of the B receiver nozzle.

Theo(A andﬂA pulses can be gated with the appropriate
QB levels by means of a bistable logic element. FOor purposes
of discussion, consider the vroblem of gating theo<A pulse only.
Theo(A pulse is fed to the supply port of a bistable element
while one control port is prebiased by the QB flow signal and
the other by its complement. Since the bias levels are present
before theo\{A pulse arrives at the supply port, the pulse will
be steered to the output dictated by the bias. One output
indicates CW rotation and the other CCW rotation in accordance

with the above equations.

A similar scheme is used for gating theﬂAbpulse (see

Figure 10).




This method of gating is essentially passive in nature
and, consequently, has no dynamics other than the transporwv

lag through the element.

In order to fulfill the equations for direction sensing,
the appropriate output signals from the gating elements must be .
connected by a logical OR gate. Tuo dual input KOR gates are
used to logically sum the gate,d(xA and/9A pulses for each
direction of rotation. The OR output of each gate is fed to

the appropriate input channels of a bidirectional counter.

SPEED OF OFPERATION

In order to predict the ultimate speed of operation of
the complete encoding system, the dynamics of the individual

components must be considered.

Consider first the NOR gate as used to invert the QA
and QB flow levels. Figure 12 shows a curve of switching time
versus the ratio of control flow to supply flow for a nOR gate
designed at Case. (Here the switching time is defined to be
the elapsed time between application of a step in control flow
until the OK output reaches 90% of the final value.) Also
shown are the reattachment times for the same element. (The
reattachment time is defined to be the elapsed time between
remnoval of the control signal until the NOR output reaches
90% of the final value.)
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Although limited data is presented for this particular
element, the general characteristics are the same as those
observed on other elements 2nd also observed by Johnson.(s)
The important point is that the switching time decreases as
the ratio of control flow to supply flow increases. TFor a
given ratio of control flow to supply flow, the switching time
decreases as the supply flow increases. Tais has also beed
observed ts Johnson(5) and Comparin(4) et al and is predicted
by analytical studies at Case.(S) Because the product of

witching time and control flow to switch tends to be constant,

it appears that a certain critical amount of fluid must be

injected into the separation bubble before switching occurs.

Expressed mathematically,

Ts
f Q.;C(t) dt z A
0]
where QC(t) = control flow
Ts = switching time
A = a constant determined by the

geometry of the element and the

supply flow.

Another point to be noticed is that the reattachment
time, although somewhat erratic, tends to be constant and

decreases as thc supply flow increases.



Consifder now the receiver nozzle is driving the NOR
gate. Assume also that the receiver output flow has the wave
form shown in Figure 13. For very low freguencies, the KOR
gate is switched by a relatively low receiver flow QA. As
the-disc speed is increased, the slope of QA increases. In
addition, NOR element switcaing occurs at a higher level-of
QA. However, the time tu switco decreases. Sincs the NOR
elenent switching flow increases in magritude with increasing
frequency, the angle ofozA and./BA pulse location shifts slightl
with speed. The ultimate speed, of course, is reached when the

area under the QA curve for one cycle becomes less than ccnstant

A noted above.

This reasoning can be extended to the case in which
the transition pulses GxA and¢3A) are used to drive subsequent
circuitry such as a bidirectional counter. Dependent upon the
amplitude of the flow into the pulse forming circuit and the
dynamics of the circuit, the« A and & A pulses will have a
fixed amplitude and duration. Tais in turn limits the freguency

at which tney are capable of drivinz other dypamic elements.

CONCLUSIONS

The feasibility of a pure fluid quantizer has been
demonstrated by the design described in this paper. The speed
of operation of the quantizer and its direction sensing circuits

will depend primarily on the following factors:




1. The maximum amount of flow that the disc receiver
can deliver to the NOR element.
2. The reattachment time of the NOR element.
3. The quantizer slot width which will determine
the amount of fluid delivered to the receiver
at any speed.
4, The transition pulse amplitude and width.
The logical design of a pure fluid digital circuit has been
demonstrated proceeding from a logical requirement to the
finished fluid circuit design. The use of logical KNOR element
in the circuit prevents the possible generation of erroneous

pulses for disc oscillations near & transition point.

The bistable element is used as an "AND" gate which
eliminates the switching time of an active gate. Thus, the
unique characteristics of pure fluid elements are used in the

logical circuit design.

The versatility of fluid logic elements has also been

demonstrated. It is noted that only two basic elements,

namely a MNUk gate and a'flipflop, are required to implement

all logical functions.
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THRUST VECTOR CORTROL
USING 4 BLEED OFF-REIRJ-CTIOR DEVICE

C. PAVLIN
1. INTRODUCTION

— e et g i

During the past years, a sudden change in rocket guidance policy has
occurred with a more and more marked tendency towards & purely aerodynamic vectoring

through direct action on the propulsive gaseous jet.

The main advantages gensrally put forward in support of this method are
suppression of gimbaled nozzles ; ‘increased rigidity of structures, allcwing to lighten
them ; suppression of coupling between the nozzle and the rocket motione ; flexibility
of use ;‘quickness of response, allowing to reduce the overall needs in vectoring, all

these advantages being likely to lead to a favourable weight balance.

Liquid injection vpiloting has essentially been investigated so far, on
account of easiness of development, but it is generally recognized that this can only
be 8 step towards the injection of hot gases, permitting to obtain markedly higher
performances, both in vectoring intensity (20 & vectoring is currently reached without
appreciable gain drop) and in consumption (twice as economical as the best reactive

liquids)

BERTIN & Co. on its part, has long advocated this piloting procedure
The theoretical and experimental work that followed the development of jet deviators
on jet engine, at S.H.E.C.M.A. by J. BERTIN and his assistants, was carried on, without

interruption since 1956. It conaisted in determining the effect of all the parameters
taking part in the phenomena of interaction of a supersonic jet with a gaseous control

Jet. It evidenced a gain of approximately 2,5 to 3 between the momentum of the injected
gas and the lateral thrust obtained. The results arrived at were the subject of a num-
ber of published papers. It is therefore easy now to choose, in each case of application

the most favourable injection pattern.(ref. 1 to 4)

Nevertheless, apurt from the technological problemes raised by the adapt-
ation of deviators fed with hot gases on a nozzle, the problem of genegation and mass-
flow control of the injeoted gas remains to be solved. The apparently most attractive
solution consists in a direct bleed~off of the combustion gases of the rocket.
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A first way is to bleed-off the gus from the combustion chamber. The
valving of these gases must then be obtained mechanically under severe temperature

and pressure cenditions.

Another way consists in combining an aerodynamic valving and a bleeding
This allows to do away with every moving part in contact with the hotr gus and therefor

to increuse the reliability of the whole assembly.

BERTIN & Co. recommends a bleed off re-injection device with aero-

dyramic control, arranged on the diverging part of the nozzle.

This device is closely related to fluid amplifiers and may consequehtly

teke advantage of the progress lately made in this field.

2 - DESCRIFTION OF THE DEVICE. (fig. 1)

The hot gas is bled off from the nozzle through a by-pass into which
the gas entering at high speed regeins pregsure. It is then reinjected crosswise to
the main flow in order to take advantage of the amplification effect of the momentum

thus obtained.

The flow rate control is effected at the by-pass inlet station by
means of an auxiliary gaseous jet. The whole assembly therefore represents one

channel of a conventional fluid amplifier. It however appreciably differs from it in

practice on account of its destination.

The requirements relating to the by-pass.

12) When there is no flow in ‘the by~pass, the flow in the nozzle should be as
little disturbed as possible. This implies that no part of the by-pass should

protrude in the flow, which would immediately give rise to a recompression

shock and a drag.

2¢?) The re~-compression should be as high as possible, for re-injection to tuxe
place, with as great e momentum as possible.‘As the gas is usually supersonic

at the inlet, this calls for a re-compression profile similur to that of
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39)

supersonic air intekes. The protlems set by these air intakes sust then be
solved ; they are made even more complicated on account of the fact that the
by-pass intaeka is at a marked angle with the direction of the flow, and

that is leading edge receives the boundary layer of the main flow.

The by-pass inlet and exhaust must bs sufficien$ly far away from each other in
order that the oot of the compression otlique shock limiting the separation
caused by reinjection stays downstream of the intake. If it were not so, re-injec

tion would disturb bleed-off.

Requirements relating to mass-Ilow centrol.

12)

29)

39)

The control efficiency is measured by the momentum gain which may bte reached
through the use of this bleed-off re-injection device with respect to that
which the controlling jet would have if it were injected directly into the

nozzle. This gain zust be as high as possible.

The controlling jet isolates two areas of the by-pass.

a) An upstream part the everage static pressure of which 13 equal to that of

the main flow at the by-pass intake station.

b) A downstream part, in which no fluid flows as a rulg and which consequently

is at the static pressure of the main flow at the re-injection station.

It can be understood that the mass-flow control will be the more efficient

as the pressure difference between both parts is smgller. But, on the other
hand, the by-puss may only start if there is a sufficient diiference of static
pressure between the intake and the exhaust. Therefore, a compromise is

necesédary.

Control may consist either in gradually starting a normally stopped by-pass, or
in gradually stopping a normally started by-pass. Occasionally it may be
necessary to combine the ebcve mentioned means if the by-pass is normally
partially fed.
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3 - EXPERIMENTAL STUDY

An experimental study of a bleeding device on a supersonic divergent has
been effected by BERTIN and Co., under a contract awarded by "Direction des Recherches
et Moyens d'Essais". It has been carried out by means of a two-dimensional model. The

first results obtained are presented below.

3.1 - Description of the model.

3.1.1 ~ Stresm.

The test stream is a two dimensional half nozzle. The upper part is so
profiied as to achieve a uniform Mach number equal to 2,32 in the terminal section.

The plane lower part materializes the centre plane of a symmetrical nozzle.

The test stream dimensions are :

54 x 5 cm at the throat
12 x 5 cm in the exhsust plans.

The lateral faces are constituted by strioscopy glasses. A compressor

maintains a generating pressure of about 1000 mm of mercury (1,30 atm.).
3.1.2 - The model

The by-pass is provided on the plane lower part of the stream. It is
limited by a leading edge rounded at its connection with the stream and a down-
stream edge formed by a movable beak the upper face of which is the prolongation of

the plane of the stream, and the lower face is streamlined.

This assembly forms & diffuser the intake of which is supersonic and

the exhaust is subsonic and which has an intermediate throat that can be adjusted
between 0 and 10 mm through displacing the beak.

This by-pass is connected to & yacyum plant through a flowmeter and a
hand operated regulator valve.

The control mechanism consists in 4 blowing 'slot provided in the leading
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edge of tlie by-pass snd directed against the flow. It is connected to a higy pres-

sure generator through a flowmeter and a throttle valve.

Two other suction circuits which have proved necessary during the

experiment have also been provided with a flowmeter end adju:‘ins devices.

J3ele.3 ~ ¥easurements.

In addition to the generatingpressure Pio of the flow and to the pressures
corresponding to the various flowmeters, measurements are made of the distribution
of static pressures prevailing in the strear, on the lower face and at various
points of the by-pass, among which the throat. The recovery pressure P'o of the
by~passed flow is measured in a rather large size capacity provided at the exhaust

of the subsonic section fo the diffuser.

3.1.4 - Visualization

The plant is supplemented b, a striosccpy bed allowing to viszualize the

flow in the by-psss and that of the stream in the vicinity of the intake.

3.2 - Tests.

3.2.1.- Influence of the by-pass on the main flow.

At the by-pass intske, the “lach number in the nozzle of origin is 1,8.

When the by-pass is completely closed by means of the valve located on
the sucticn, the main {low separates at the by-pass intake and reattaches at the
beak tip. An expansion fen is observed which is limited by a slight shock on the
leading edge, showing that the flow slightly changes its direction towards the
by-pass before separating, Similarly, an expansion fan is vieible at the stream
reattachement on the beak. It is due to the small angle that the flow must form
at thet place to become parallel to the axis aguin.(photo 1)

The static pressure recordings show that the presence of the by-pass inir

duces 10 appreciable disturbance into the flow.
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3.2.2

a)

c)

3.243

a)

~ Starting of the by-pass.

Operating conditions.

In order to arrive at the by-paess axis, the main flow must undergo a
169 deflection. The deteiled study of the expeneion profile in that zone shows
thats the theoreticul Hach number at the bLy-pass intake is 2,42, which corresponde

slong the wall, to a pressure of approximstively 65 am of mercury.

Zffective overation.

Experience shows that whichever pressure level is mainteined in the
capacity, the by-pass is naver completely started. An appreciable separation
occurs on the leading edge of the by-pass. The flow rate in the by-pass does not
exceed 30 ¥ of the theoritical flowrate. (photo 2)

How to obtain a correct starting ?

One condition for the startin to be possible is that there be generated
on the leading edge, the pressure level corresponding to Prandtl-Meyer's
¢xnansion. This was achieved by suction through holes provided on the leading

edge.
&e K

The suction quantity needed to grevent separation (qcl) substantially

corresponds to that defining the displacement thickness of the bouniary layer.

- Pressure recovery.

Theoretical value.

The elimination of the boundary layer is not the only necessary condition
required for starting the by-pass. In the case of a fixed geometry, the throat
must not te too small, In order that theré be no choking effect at intake, the
throat must be such that it will allow flow rate to pass at intake even assuming
a normal shock would arise thepe. With the model conditions, this leads to a

contraction ratio between the inteke and the throat ;

2 £ 1,83
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b)

c)

Under these conditions, the recovery level cennot exceed 67,5 ;

pffective overation

as a result of the disturbances created at the suction holss in the
leading edge, the flow is uniform neither in .!ach number, nor in direction at
inteke. A shock attaches to the beak tip ard is reflected on the opposite
wall from where it goes as far as tine throat. Moreover, the flow must rezscend
a positive pressure gradient, which makes the boundery lsyer instztle,

slight separation is usually observed in the supersonic diffuser.(photo 3)

It is possible to reduce its effect by providing a toundary layer

suction in that zcne (flow rate ch).(photo 4)

-

" Towards the inside of the nozzle, this suction may be obtuined
automatically through the beak by providing holes therg, according to a

techni:pe used for the automatic stzriing of supersonic air intakes (ref. 5)

Nothing then forbids to teke us the theoritical section st the throat
the section of wnich corresponds to the sonic throat since tire risks of intzke

stopping are eliminated.

Flow rete versus pressure curves.

When all precautions have been taken regurding the by-pass stcrting,
it is found that the maximum pressure recovery which may be obtained dces not

exceed 62 %.

The flow rate vs pressure curves show an optimum taking place around
a flow rate equal to 50 , of the maximum theorstical flow rate with a pressure

level equal to 50 # of the generating pressure.

The curves obtained are very similar to those given by some fluid

amplifiers published by W.A. BOOTHE ref (6) which we reproduce, #ig- 5.
‘ 107

— Nt—————-



108

3.2.4 -- Efficiency of the control flgwing.

The suction on the leading edge of the by-pass already provides a
control means since it allows to increase flow rate from 30 # to 60 & of iis
maximum theoretical value. There remained to be tested the efficiency of the

blowing as it had been provided.

a) Theorstical value of the gain. (fig. 2)

If it is admitted that the by-pass is wholly started with a constent
¥Mach number equal to 2,42 at the intske, a maximum value of the gain momentum
may bs determinsd by writing that the controlling jet isolates two regions where

the static pressure that exist within the main fiow respectively at intake and

at exhaust

" h TR (1)
q, flow rate per unity of length

R (cos € + sin M)

o
i

e

i}

qv (py - »,) (2)

cosX + sin A

The momentum of the reinjected fluid depends on its re-compression

level and on how expansion is guided.
Assuming only sonic injection is mnade :

@ (air) = (L,27 P - p) = o (3)

p!
0

Let us admit for more simplicity, that the control jet is injected with

the generating pressure P', The gain may thep be written as :



b e oo

~

(1,27 - -§§- ) (cos™ 3+ sin )
G = LV = 2 (4)
qQVv ( P i p2 ) .
PO Po e

applied to the experimental case, this formule gives

G = 8,2

3) Effective gain.

Without suciion, the flow rate in the by-pass is of the order
of 30 Z of tue theoretical flow rate which considerably reduces the intereat

of blowing. The actual gain, measured under these conditions, does not exceed

2

-

It is moreover found that the control jet which remains quits
coherent throughout the crossing o! the separated zone, disperses when
coming in contact with the sound fléw. A fraction of this jet is then
swallowed into the by-passs the flow rate of which is therfore never zero.
The gain decreases as the blowing flow rate is increased. This phenomenon
of dispersion of the secondary jet is currently observed in the case of jet
deviation by ges injection. It limits the jehnetration to & value smaller
than that which direct epplication of formala (1) would give. For example,
for a sonic injection at ¥ = 3, in a direction perpendicular to the flow,
it is experimentally found that all upstream phenomena are identical to
those given by a physical obstacle of a height equal to % of the calculated
penetration. Jet photographs show that the secondary jet disperses befors
having taken the direction of the deflected jet.

c) Efficiency of control by suction.

The suction quentity necessary to avoid jet stream geparation

at the by-pass intake depends on the development of the boundery layer and
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not on the by-pass flow rates. The flow rate gain incresses when more fluid
is bled.off. It also increases when it is pessed on from a two-dizensional ¢
geozetry to a revolution symmetry, since the relative dimensions of the

by-pass are different for a same fraction of bied off main fluid.

In our tests, the flow rate for suction is alsu approxizately

3.2.5 - Inylience of bleed off on the muin stream.

The bled off flow rate, in our tests, is of the rate of 5 to
10 £ of the main flow rate. The disturbances created in the nozzle are insigni-
ficant as shown in figure 6 . The only marked disturbence is caused by the
re-injection, at the end of the stream, of flow rate qc,,which however, amounts
only a small fraction of the totsl bled off flow rate (Iess thar 10 Z). This
clearly shows that the bleed off does not practically modify the nozzle thrust

whereas re-injection is efficient to create-a lateral thrust.

4 — DISCUSSION OF PERFORMANCES - COMPARISON WITH FLUID AMPLIFIERS,

BEleed off and re-injection in & supersonic divergent may be
considered as the final power stage of a fluid amplification chain. Perfomances

may therefore be analysed on the basis of the conventional ampliYiers.

A

4.1 - Pressure re-compression level.

t+ has been seen that it was possible to reach values
conparable to t:;ose provided by tla best conventional mogeis. it is to be noted
besides, that seeking to obtain a high pressure ratio is not a prime importance for,
veyond a certain value of the pres.ure necessary for a sonic re-injection, the fluid
momentum hardly varies any more. This observation may allow, in particular, to blunt
the sharp downstream edge of the by- ass the behaviour of wnich in hot gases might

become critical.

4.2 - Momentum gain.
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5 -~ DESIGN

It has been seen that this gain is the most accurate characteristic to
qualify this type of amzplifier. It should be noted that, subject to an injection
at e sufficienti; high pressure, it is, owing tn its definition, fairly close to
the flow rate gain. Its value is rather small in the case of our tests, and this is
partly due to the necessity of placing all the by-pass back from the main flow when
it is not started. It may. however, be hoped that present performances will be
improved,.if the values currently reached in similar devices are taken into account.
To this end, the optimum position o the control blow ¥ill have to be found out,
We may be led to modify the shape of the by-pass intazke to draw nearer to those
usually adopted for fluid amplifiers. Anyhow, where a final stage of an amplifier
chain is concerned, it is not corpulsory that the gain bz very high. It seems that
the 3 to 10 range is guite sufficient for the applications.

OF A PILOTIRG CHAIN.

Based on such a device, a complete pneumatic chain is cohceivable, from a
pneunatic signal, w.ich may, for instunce, be provided by an appropriate detection

device.

Without going into the details of such a chain, we may consider the

interconnection system tetween stages at the level of the power stage.

The procedure for the control of flow rate in the by-pass may be either pure
blowing or pure section, or a combination of both, depending on the pressure levels

prevailing at intake and at exhaust, and on the Mach nutber, in way of the intake.

As an example we are giving the manner of adjusting the control flow rate in

each case, from fluid amplifiers of a conventional type. (fig. 8)

When these flow rates must be maintained throughout all the time during
which the by-pass is closed, it is of interest, if the mass of gas to be stored is to
be reduged, to tandem connect twa hot stages, the first one being assumed to be
centrolled by blowing.
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Figure 8a Normally sturted by pass jet controlled, by means of a not gae first
stage.

Tigure 8b Normally stopped by pass suction controlled, by means of a hot gas first

stuge, through a vortex amplifier.

Figure 8c Normally stopped by pass suction controlled through another type of

vortex amplifier.

Figure 83 Partially started by pass controlled by both blowing and sucking through

a vortex amplifier driven by a proportional amplifier.
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OFERATION WITHOUT UPSTREZAY SUCTION

Pressure vs mass flow rate curves
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PRESSURE RECOVERY

A comparison with scme results obtained

with fluid amplifiers
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STATIC PRESSURE PROFILES
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STREAX PHOTOGRAPHS

3
Upstream control suotion operating

5

Influsnce of beak perforation
Mgure 7

Downstream control suoction operating
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NOMENCIATURE

Ae power-jet nnzzle exit area

A*  power-jet nozzle throat area

D diameter of output channel

K specific heat ratio

L output duct length

M Mach number

Me power-jet exit Mach number

P free stream static pressure

P, boundary layer static pressure

P, ambient pressure

P, power-jet exit static pressure
P.; left control-jet stetic pressure
P.y right control-jet static pressure
Ppj power-jet total pressure

P;  boundary layer static separation pressure
Qc control-jet flow

Qpj power-jet flow

€ expansion ratio Ag/A%*



1.

ABSTRACT

The design and performance of high pressure supersonic fluid
amplifier devices is discussed. A single amplifier design is eval-
uated using conical power nozzles with expansion ratios of 5, 10, 15,
20, and 25. All experiments were performed using air as the flowing
medium. ‘

The effect of expansion ratio on the input pressure level is
determined, and an analysis for predicting the operating pressure
level for various expansion ratio nozzles is presented. The pre-
dominant effects of pressure loading and friction loading are pre-
sented. Flow switching a2t input pressures in excess of 1000 psia
with sea-level atmospheric air control signals is discussed. Output
thrust measurements are noted and estimates of the kinetic energy
losses due to the ducting of high-velocity yases are given.

INTROLUCTION

The control of a fluid by the use of fluid amplification can be
accomplished by either a digital or a proportional output response from
a given input signal.

Proporticnal control is achieved when the output response i8 u
function of the momentum of the control signal. As the momentum of
the control signal is increased (i.e., an increase in pressure and/or
flow), the angle of deflection of -the output stream increases until
all flow issues from one output. A digital control unit uses the
entrainment characteristics of the output stream and the influence
of the boundary wall to deliver a bistable output responsé when a
predetermined control signal level is reached. There is no response
from the unit when the control signal is less than the required amount
and increases in the control signal after the unit has responded have
no effect on the output flow. Through digital control it is possible
for the output response to remain constant even after the control
signal is removed. This paper is concerned solely with fluid amplifiers
which deliver a digital output response.

In the field of rocketry there has been a long and thorough
search for more efficient and effective means to control the flight
path of a missile (ref. 1). Fluid amplification offers the possi-
bility of using hot propellant gases for missile attitude control
with no moving mechanical parts j: contact with the hot gas stream.
Figure la illustrates one apvlicat{on of a digital fluid amplifier
for use as a missile attitude control device. With actuators A and
B closed, the flow from the hot gas generator is equally divided
between output A and output B. When actuator A is open (Figure 1b),
air is entrained into the unit and the hot gas flow exits entirely
from output B,
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AMPLIFIER DESIGN

Figures 2 and 3 illustrate a typical fluid amplifier coanfiguration.
The unit consists of an adapter, a conical power nozzle insert, and an
amplifier housing. Five conical nozzle inserts with expansion ratios
of 5, 10, 15, 20, and 25 were designed to be interchangeable with a
single amplifier housing. The nozzle inserts were pinned and soldered
to the adapter. A later design improvement combined the nozzle and
adapter into a single piece. The amplifier housing was counterbored
to allow for alignment of the nozzle with the housing piece. The
nozzle and the housing were held together with four screws. The
output channels in the amplifier housing were also counterbored to
allow the output ducting (Figure 4) to be properly aligned with
raspect to the output channels. The output ducting was formed from
commercially available copper tubing.

SN

N
Kod

/90599792;222

L:_i_'J

K y////////%

AMPLIFIER HOUSING

ONICAL POWER
NOZZLE

SPLITTER

Figure 2. Basic fluid amplifier design.
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3. EXPERIMEXTAL OBJECTIVES

Tests were made with the following objectives.

1. To determine the control-jet pressures and mass
flow rates required to switch the output flow of
the agplifier with 2 continuous coatrol-jet signal.

2. To determine the power-jet pressure required to
enable the power-jet flow to sy—etrically re-
attach downstreas of the control ports.

3. To coxpare the experim2ntal results with those obtainad
through the application of theories on turbuleat bound-
ary layers and flow separatioa.

&. To measure the isctuzl thrust ouviput of the units at
various input pressures with control-jet pressures

not exceeding 14.7 psia.

5. To determine the predcminant effects of amplifier out-
put ducting.

4. PRINCIPLE OF OPERATION

4.1 Pressure Regimes

The operation of the amplifier tested mav be divided intu three
regimes:
REGIME 1I1: Overexpanded power-jet with jer separation;
REGIME II: Overexpanded power-jet without jet separation;
REGIME III: Overexpanded power-jet with symmetric wall
attachment.

In regime I, when the flow is overexpanded with jet separation,
the flow leaving the power-jet nozzle is inherently unstable. A
relatively large amount of centrol flow is required to establish a stabie
flow in either of the two output ducts. The additional flow is accounted
for by assuming that the supply flow is insufficient to £ill the power-
jet nozzle. As a result, the flowv separates from the wall. This separated
region allows part of the control flow to pass around the power-je: close
to the wall without mixing with it and consequently without giving up
its momentum to the power jet.



Ia regime II, the supply pressure is sufficient to fill the
nozzle, but insufficient to cause symmetrical reattachment to the
wall downstream of thie control ports. This range of supply pres-
sure will enable the flow to be fully established in either output
duct without the zid of a continuous control sigral. Ian this
regime the amount of control fiow necessary to switch the power jet
flow is an order of magnitude less than that required for switching
in regime I, because therz is no leak of control flow around the
fully expanded stream. Tne switcing mechanism is discussed in
more detail later.

In regime III, the supply pressure has increased to values where
the flow leaving the power-jet nozzle is underexpanded. This causes
the flow to remain completely attached to the diffuser walls of the
amplifier past the region of the control ports, and produces equal
exit flows from the output ducts in the absence of control flow.

In this regime, a greater amount of control flow is necessary to
obtain a response from the unit, as compared to regime II.

% .2 Boundarv laver Separation

The major parameters determining the location of the separated
boundary layers are:

(1) free stream Mach number M,

{2) boundarv layer separation pressure Ps, relative to
the free stream static prassure P, and

(3) amplifier exhaust pressure Pj.

Starting with a power-jet pressure correspondirg co regimi II1I,
a reduction in power-jet pressure will cause the separation point
to move upstream. This flow separation phenomenon results from
the action of the back pressure upon the boundary layer due to
the flow being in the direction of a positive pressure gradient.
As the power-jet pressure Ppj is raduced, the ratio of the power
jet exit pressure P to the exhaust pressure P, decreases. An
increase in P; cannot propagate itself into the high-velocity
core of the power-jet flow outside the boundary lzyer, because
the flow is supersonic. However, the pressure P, can propagate
itself upstream through the boundary layer surrounding the power-jet
flow. This is possible because there is a velozcity gradient from
zero at the w2ll to supersonic values inside the jet stream. This
velocity gradient produces a region where the velocity of the fluid
is subsonic and allows pressure disturbances to propagate upstream.
1f the pressure ratio of Po/P; is sufficiently high, Po/P3; = 9.4 to
0.5 (ref. 2), the jet will detach from the wall of the unit.
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It is possible to predict the approximate power-jet pressure Ppj
that will initiate the separation of the turbulent boundary layer in

regime II (Figure 5). This approximation is dependent upon the
following assumptions.

1. The flow upstream of the nozzle separation point
is isentropic.

2. The separation pressure ratio Po/Pg is a function
of the power-jet nozzle Mach number, and hence a
function of the expansion ratio (ref. 3).

3. The separation static pressure Pg is dependent
upon the geometry of the interaction region of
the amplifier housing and can be considered as a
constant for the various expansion ratio nozzles
under examination.

ENTRAINED FLOW

Porh gsMeg
BALL VALVE SEPARATION
ACTUATORS (CLOSED) POINT (Fy)

cr

Figure 5. Overexpanded power-jet nozzle with flow separation
occurring at the nozzle exit plane.

Isentropic flow calculations from the fluid amplifier experi-
mental data determined the power-jet pressure at which initial tur-
bulent boundary layer separation occurred in regime II (Figure 6).
The theoretical treatment giving the best agreement with the fluid
amplifier experimental data appears to be that of G. E. Gadd, ref-
erence 4 (Figure 6). At the higher expansion ratios in Figure 6,
Gadd's theory fails to give a good approximatioa of the fluid
amplifier experimental data; however, published experimental data
on separation pressure ratios at Mach numbers ranging from 3 to 5
give a better agreement with the fluid amplifier data (ref. 3).
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Figure 6. Power-jet pressure required to initiate regime II flow
separation.

5. EFFECT OF POWER-JET PRESSURE

As the power-jet pressure is increased, the indicated control-
jet pressure in both controls decreases until flow is fully estab-
lished in the nozzle. The three flow regimes are jllustrated for a
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power-jet expansion ratio equal to 15 (Figure 7). These curves were
generated by recording the pressure measured in each control nozzle
as the power jet pressure was increased. It should be noted that

POWER-JET PRESSURE P,, {PSIG)

0 200 400 600 Y 800 1000
I T~ — I — 1
%
-4 : i
R
\
* 3
’PCL /'Pcr

|
(o ]
/

L
)
i\

INDICATED CONTROL-JET PRESSURE (PSIG)

X
REFER TO FIGURE 5

Figure 7. A summary of the indicated centrol-jet pressures
recorded as a function of power-jet pressure for
e =5, 10, and 15.

the indicated control-jet pressures were measured by using the
control nozzles as static pressure taps. The accuracy of these
measurements is estimated to be +1 psi. Howaver, since the same
configuration was used for each test, the curves do illustrate the
relative changes in control-jet static pressures for each of the
three regimes.

Flow separation in the power-nozzle (Figure 8) produces a
random oscillation of the output flow, A further increase in the
power-jet pressure causes the nozzle to flow full, thus moving the
separation point to the nozzle exit plane (Figure 9). Since the



Figure 8. Regime I -~ Flow with an overexpanded power-jet.

N\

B8
NTRAINED

/ FLOW
\/ STREAM INCREASES

IN WIDTH

Figure 9. Regime II - Flow with an overexpanded power nozzle

without jet separation.

walls of the interaction region limit the entrainment of the power-
jet stream, a low pressure is developed at the output of the nozzle.
The power-jet stream tends to entrain an equal amount of fluid on

either side.

Any small perturbation or misalignment will cause an
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asymmetrical distribution of the output flow. This will restrict
the area available for the entrainment of counter flow through a
single output (Figure 9). This flow restriction causes the pres-
sure drop in the boundary layer between the vall and the power-
jet stream. The pressure difference forces the stream to the

side with the lowest pressure. This regenezative action further
decreases the area available for cuirainment, causing the power-
jet stream to be locked to the wall. Figuce 7 illustrates this
pressure uabziance in regime II. As the stream attaches to a single
wall, the static pressure measured in the closed control port (P.1)
drops off rapidly, while the pressure in the opposite control port
(P;y) increases.

As the power-jet pressure is increased while operating in
regime II, the free stream static pressure rises. The pressure
ratio P/Ppj is constant for any specific location in the power
nozzle. Increasing the power-jet pressure causes the power jet
stream to continue to expand down stream of the nozzle exit plane.
These gas particles ara accelerated radially and, because of their
inertia, are displaced from their equilibrium positins, causing an
increase in the width of the exhaust stream (Figure 9).

As the power-jet pressure is raised, the stream continues to
increase in width until it hits the wall downstream of the control

Vg
Y

SEPARATION POINTS

Figure 10. Regime III - Underexpande¢ power-jet flow with
symmetrical reattachment.



Under these conditions, the flow is equally distributed between ocut-~
puts A and B. Referring to Figure 7, this flow condition is character-
ized by the abrupt drop in Py where Pc1 beccmes approximately equal
to Per.

The relative control-jet flow rates and pressures required to
switch the flow from output A to output B or output B to output A for
regimes I, II, and III are indicated in Figures 11 and 12.

6. LOADING

Basically, there are two types of loading: pressure loading and
friction locading. Pressure loading occurs when there is a back pres-
sure at the amplifier outputs. Friction loading is attributed to the
external plumbing required to channel the outputs of the amplifier to
a desired location.
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Figure 11. Control~jet flow ratios required to switch the output flow.

13

re

(




138
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Figure 12. Average control-jet pressures required to switch the
output flow.

At the present time the experimental test rig cannot be used
for testing under variable back-pressure conditions. The effects
of variable ambient back-pressure loading are of extreme importance
in the design of a supersonic fluid amplifier. Since no tests have
been run to this date (Jan. 1964), certain basic assumptions must be
made. For a given set of conditionson Ppj, Ae/A*, and Pg, a reduction
of Pa, the ambient back pressure, manifests itself esentially the
same way as an increase in Ppj. The pressure ratio P;/Pe determines
the separation point in the interaction region. In regime II, Pg
is always less than P;. Therefore, a reduction in Py will cause the
stream to expand into the interaction region and separate at the
nozzle exit at a lower value of input power-jet pressure. This



f

produces a dovnward shift in the operating range defined approximately
by regime II. An exact theoretical determination of the operating
range of regime II is impossible at present because there is no
accurate method of theoretically determining the separation pressure
Pg in the intexaction region.

Friction locading manifests itself in the form of a rise in the
boundary layer static pressure. Various lengths of constant area
ducting were symmetrically attached to outputs A and B. As the ducts
were increased in length from 1 to about 15 diameters, the control
flow required to switch the stream from output A to B was reduced.
Ducting lengths from 15 to 18 diameters were sufficient to cause
enough feedback through the boundary layer to produce an oscillating
power-jet flow. The frequency was estimated at 1 to 3 cps, depending
upon the duct length. At lengths greater than about 18 diameters total
capture of the flow in any single output duct was impossible, regard-
less of the level of the control signal.

It is possible to explain these phencwena.if a few basic assump-
tions are made.

(a) The flow is one-dimensional.

(b) Steady flow is present throughout the system.

(c) There is neither heat exchange nor external shaft work.
(d) The duct is of constant area.

If the flow entering the amplifier is initially superscnic, the
frictional effects will decrease the stream velocity and Mach number
and increase the enthalpy and static pressure of the stream. The
fluid is travelling in the direction of a positive pressure gradient
because the mean velocity of the stream is diminishing. The fluid
particles in the boundary layer are decelerated not only by the viscous
forces acting upon them, but also by the positive pressure gradient.
The retarding influences thicken the boundary layer in the direction
of flow, subjecting some of the fluid particles in the boundary layer
to a positive pressure gradient, This positive pressure gradient
forces the fluid in a direction opposite to that of the main stream
flow (Figure 13).

The reversed flow causes the static pressure in the boundary
layer at the interaction region to rise as the duct length is in-
creased, At some critical length the boundary layer static pres-
sure reaches a value sufficient to separate the stream from the wall
and cause the main stream to switch to output B. As output B fillsg
with fluid, the boundary layer static pressure rises as it did in
output A. The rate of static pressure rise is determined by the
diameter and length of the duct. The boundary layer static pres-
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REVERSED FLOW m

Figure 13. Assumed flow diagram »f an amplifier under conditioms
of extreme friction loading.

sure in output B is soon sufficient to switch the main stream back
to its original position in output A. Under these loading con-
ditions, the total power-jet flow has been observed to oscillate
between outputs A and B without the application of an externmal con-
trol signal.

At a length of about 18 diameters, the ducts were essentially
choked. This meant that the flow was subsonic somewhere in the duct.
It was assumed that the duct was now long enough to cause the normal
shock to stand at the duct inlet (Figure 14). Under these conditionms,
a flooding of the interaction region was observed and the units became
completely inoperative.



NORMAL
SHOCK

Figure 14, Possible normal shock location under choked conditions.

THBRUST MEASUREMENTS

Two additional units with expansion ratios of 20 and 25 were
made and tests were conducted on all five units to determine the
amount of reactive thrust available at the output nozzles of a fluid
amplifier device with ducting, the operating range of the amplifier
with atmospheric control signals, and the performance changes due to
ducting.

The amplifiers were installed on a thrust stand, as seen in
Figure 15. The control-jet signals were obtained by opening two
opposing % in. ball valves. The input flow to the ball valves
came directly from ambient atmospheric air. Force measuremenis were
made with a load cell and fed into the y-axis of an x~y recorder.
Power-jet pressures were plotted on the x-axis.
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Figure 15. Experimental test cig for ampiifier thrust measurements.

Figure 16 illustrates the typica: output thrust data obtaimed
with an expansicn ratio of 25. During the tests, the input pressure
was increased at a co:stant rate, while the ball valves were alternately
opened and closed. These tests were performed both with and without
output ducting. ZThe operating pressure range was noted@ for each
condition. The operating range of thesc amplifiers is defined as the
range of input pressures that prcduces a linear change of output
thrust frow either of tke two output nozzles. A decrease in the
slope of che thrust line (2 to b) indicates that a portion of the flow
is leaking by the splitter anil causing a reaction force opposing
that of the fiowing output nozzle. Over the range (c to d) only a
por.ion of the flow is being switched. All units tested indicated
a suell amount of kias (o > b’), developing from minute symmetry
variances in the amplifier housing.



OUTPUT THRUST (LBS)

15 K= 14
€ =25 b
P.= 147 psia
10 Ducts instalied
] i Y
5
0 |
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0 200 400 600 800 i000 {1200

INPUT PRESSURE (PSIG)

Figure 16. Sample output thrust data for € = 25, indicating the
range of operating pressures with ducting installed.

In Figure 17 it may be noted that large changes in operating
pressure range result from the addition of output ducting. This
may be attributed to the rise in the boundary layer pressure Pp
(Figure 13) and a reduction of Pg caused by the addition of ducting.
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Direct measurements of the average output thrust over given
ranges of pressure (a to b in Figure 16) were made by measuring
the peak-to-peak values of thrust and dividing by 2. All units tested
indicated about a 25 to 35 percent loss of thrust compared with the
isentropic thrust calculated for the same power nozzle exhausting

to a back pressure of 14.7 psia.

8. SUMMARY OF RESULTS

(1)

(2)

Operation in regime I required from 5 to 10 times
more control energy than in regimes II and III.
Switching in regime I is very unstable and is not
recommended.

Switching in regime II is bistable, and the units
do not require a continuous control signal in

this range. The units operate in regime II at a
control-jet mass flow to power-jet mass flow ratio

of less than 5 percent and at control-jet pressures of

less than 14.7 psia.



(3) Switching in regime IIX is tristable. The units
required a continuous control-jet signal in this
range to hold the power-jet flow in either of the
two outputs., With zero control-jet signal, the flow
was split equally between outputs A and B.

(4) The units operated over a relatively wide range of
input pressures. The operating ranges are signi-
ficantly reduced by the impedance of the output
ducting. Output thrust efficiencies ranging from
65 to 75 percent were realized.

CONCLUSIONS

The units exhibited many characteristics that make them appli-
cable to a pure reaction jet or secondary fluid injection system.
An analytical determination of the power-jet supply pressure that
initiates regime II operation is possible when the separation pres-
sure Pg is assumed. A certain minimum pressure ratio between the
power-jet nozzle exit static pressure and *he local separation
pressure Pg must be satisfied; however, a theoretical determination
of this separation pressure is very difficult, because it is a function
of the entrainment characteristics of the power-jet stream which are,
ir turn, primarily dependent upon the internal geometry of the amplifier
housing.

It should be noted that nozzle expansion ratio and duct length
were the only geometrical variable investigated. Changes in the in-
ternal amplifier geometry, such as splitter location and setback, will
also influence the operation of the amplifiers.
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ABSTRACT

High-speed schlieren motion pictures have been taken for use
in the visualization of flow transients in fluid elements.

A WF3 Fastax camera (using 16-mm film), an E.G.& G. Type 501
high-speed stroboscope, and an FX-12 xenon flash lamp are used to produce
high-speed motion pictures at speeds of over 8000 frames per second. The
high-speed stroboscope was modified to optimize its operation with the
WF3 camera. The modification to the stroboscope not only improved its
general performance but also increased the maximum flash rate to better
than 10,000 per second.

1.  INTRODUCTION

High-speed cinematography is the taking of motion pictures at
frame rates of several hundred to several million per second. By
taking pictures at a rate many times faster than the normal projection
speed, an ultra-slow-motion film is produced magnifying both space and
time, thus enabling the study of fast motion.

The HDL schlieren system (fig. 1 & 2), which has been described
in an earlier paper (ref 1), has as part of its recording facility a
high-speed camera and a stroboscopic light source. This equipment is
used to photograph the transients of compressible, subsonic fluid flows
in fluid elements of small dimensions.

2. LIGHT SOURCE

The light source used for the high-speed schlieren movies is an
FX-12 xenon flash lamp (ref 2). This lamp, when driven by an E.G.& G.
Type 501 stroboscope and a matching transformer, is capable of flashes
of lus duration and peak light output of 103cp. Its small size
(1-mm by % in.) makes it ideal for the schlieren system; its pulse of
short dure-ion and high intensity make it well suited for high-speed
movies., Its only limitation is in the running time per operation, since
this is what determines the number of frames in a given run and hence
the length of viewing time of the projected £ilm.

The lamp is rated for a maximum of 30 watt-seconds per operation,
where watt-seconds (WS) = CV2fT/2, and C = capacitance across the lamp
in microfarads; V = veltage on capacitor in kilovolts; £ = frequency
in cycles per second; and T = running time in seconds.

The stroboscope charging voltage is 8000-v with a choice of
discharge capacitance of 0.01, 0.02, or 0.0%uf. Calculating on the
basis of f = 50J0fps, V = 8-kv, C = 0.02uf, and WS = 30, T = 0,006 sec.
This would profuce & total of 48 frames, and when projected at a rate
of 16fps, would yield a total viewing time of 3 sec.
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To increase the projection time, the lamp was cperated to produce
a minimum of 80 frames; although, this corresponds to approximately
56 WS, this caused no apparent damage to the lamp.

3. 1AMP DIRCUIT

The high-speed stroboscope, which consists of a power supply,
modulator, and timer unit, was used to flash the lamp. The power
supply employs a conventicnal full-wave bridge rectifier with a thermal
overload circuit breaker in the transformer that opens the circuit if
excessive direct current is drawa from the power supply.

The modulator unit, which supplies current pulses to the lamp,
consists of a hydrogen thyratron wwitch tube and a trigger amplifier
that fires the thyratron. The reluctance pickup of the camera is
connected to the input of the trigger amplifier to synchronize the
camera with the stroboscope.

*

The timer unit comprises (1) a lamp delay, which allows the camera
to reach operating speed before the lamp is started; (2) a lamp
running-time switch, which determines the length of time the lamp
will be operated (this is necessary to prevent dawage from overheating),
and (3) an event delay which produces a trigger signal for filming at
the desired time.

Figure 3 is a schematic of the modified circuit, The changes
involve C,, the filter capacitor, and CH,, the charging inductance,
and insertion of a current-limiting resistor R,. C, was increased
from 12 to 125uf; this eliminated a serious droop in the output
voltage waveform. CH, was replaced with a hand-made choke, whose
size and value (~ 30 mh) were experimentally determined in the labo-
ratory, to increase the high-frequency response of the circuit. Rp
(50 ohms, 100-w) was inserted for circuit protection and to prevent
the thermal overload circuit breaker from opening.

Figures 4a and 4b are oscillograms of the voltage (upper trace)
and light (bottom trace) output before and after modification to the
501. The first few pulses of the output voltage are always less than
full amplitude because of the time constant of the resonant charging
circuit.

As can be seen in the oscillograms, the high-frequency response
of the stroboscope has been increased to more than 8000 cps. Of
equal importance is the marked improvement in the uniformity of light
output; this is particularly important if any quantitative work is anti-
cipated. Slight modifications in light intensities (as little as 5%)
are not only noticeable and annoying, but can lead to a misinterpretation
of the results when viewing the projected film,
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4. EIGH-SPEED CAMERA

The high-speed camera used with the schlieren system is a model
WE3 (16-zm) Pastax. This camera is equipped with a rotating prism that
has two functions -~ to perform the shutter operation and to move the
image in synchronism with the film to minimize blur. Inasmuch as the
exposure time is determined by the flash duration of the lamp, the
prism wes removed frcm the camera to improve the spatial resolution of
the image.

A calibrated 10060-cps timing light is focused on one edge of the
film producing small exposed areas separated by equal time intervals.
These timing marks are used to compute the framing rate of the camera
and the interframe interval of the film.

The camera is equipped with a reluctance pickup (see fig. 5) which,
upon the passage of a sprocket tooth, generates a signal. This signal
is used to operate the stroboscope, which flashes the lamp in synchro-
nism with the camera.

The operating speed of the camera is determined by the vcltage
level of the power supplied to the camera motors. (See fig. 6 for
typical voltage speed curve.) When operating at its maximum spe=d of
8000 frames per second, a 100-ft roll of 16-mm film will de exhausted
in 0.75 sec. The useful running time at top speed is a little over
0.25 sec, since the camera requires approximately 0.5 sec to attain
its operational speed.

5. TYPICAL OPERATION

Figure 7.is 2 block diagram of the instrumentation used in a
high~speed schlieren movie sequence. Tkis particular sequence was
of the switching of a bistable element from a pulse input.

The starting switch initiates the camera control and stroboscope
simultaneously. The lamp delay allows the camera to reach the proper
operating speed, then a relay is activated that triggers the pneumatic
pulse generator (fig. 8). The generated pulse, which switches the
bistable element, is measured by a pressure transducer, whose output is,
in turn, monitored on an oxcilloscope.

The reluctance pickup signals of the camera are transmitted to an
AND circuit whose output is connected to the stroboscope. The relay
that triggered the pulse generator also triggers the oscilloscope and
a one-shot variable-delay, gating circuit. When the AND circuit
receives the signals from the reluctance pickup simultaneously with the
"gate" signal, the stroboscope flashes the lamp for the duration of the
gate. The lamp output is measured by a phototube and is recorded on
the oscilloscope.
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Figure 6. Block diagram of instrumentation for high speed schlieren

movie of the pulse switching of a bistable fluid amplifier.
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SETTINGS BASED ON USE OF 100 FEET
FILM ROLLS ONLY

CAMERA RUNNING TIME OF CAMERA
8MM. 16 MM. 35 MM.
5 2.5 L2 1O .8
R
6000 - e e c— el S—-—-»——u e ol o— v — —— —
14000 7000 1 _,4
1
{
5000 4 — —|— — | — | ___,4__‘.
2000 6000 T /
:/
10000 5000 4000
A
/ ‘
8000 40003000 / i
o — — —-——-—I-———q — mam ) e e e femm s g
|
6000 3000 j r
2000 + —/—|— — — -%-.-_.,._ I U B
4000 2000 r
!
2000 1000 r
|
i
0 40 80 i20 i60 200 240 280

VOLTS-A.C,

Figure 8. Graph of camera speed as a function of voltage. (Reprint from Fastax
instruction book).
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6. STRIP-PRINT

Figures 9 and 10 show strip prints of the pulse switching of a
bistable fluid element. Note that in figure 9 the first timing mark
is seen in frame number 16 and the second in frame number 24 so that
there is slightly more than eight frames between timing marks. Thus,
the frame rate is slighcly greater than 8000 frames per second.

The first frame in each row is numbered so that each frame can be
identified with a corresponding light signal on the oscillogram. The
dark protrusions in the upper left and right corners of figure 10
are small probes, which emit a small flow of helium to aid in flow
visualization. Note that in frames 22-23 the helium in the right
channel has changed its direction before there is any appreciable
shi€ting of the power stream, indicating that the switch is preceded
by a8 pressure wave. One should be careful not to misinterpret the
schlieren image, keeping in mind that it is a density gradient
reprasentation of the flow rather than the flow itself.

The strip prints are useful supplements to the projected movie
film but a proper appreciation of motion cannot be perceived by
viewing the strip prints alone. Often faint density gradients show
up as motion when projected as a movie but prove difficult to detect
when viewed fra :e by frame.

Figure 11 is a strip print of a pressure pulse expanding through a
nozzle. The frame rate for this sequence, as measured between the
timing marks, is a little better than 8000 per second. Since the
duration of the entire sequence is less than 2ms, or less than '6 frames,
the projection time (at 16 fr/sec) would be less than 1 sec. 1In this
case a frame-by-frame study would be more practical.

7. STRETCH-PRINT

At times the equipment available will not permit adequate time
resolution of a given event. This is due to an excessive interframe
interval that may cause loss of information between pictures. In-
adequate time resolution can also result in such brief coverage that the
limited number of frames available will not provide sufficient viewing
time upon projection.

To increase the projected viewing time, stretch or freeze prints
can be made by reproducing each frame several times in succession.
This lengthens the viewing time by the number of times each frame has
been repeated.
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8. FIIM

The film speed requirements are not as severe as some of the
other requirements of high-speed schlieren photography. The amount of
light available at the film can be varied by changing the source slit
width (see fig. 1). This will permit more or less light to pass
thoough the system, but, of course, will also change the schlieren
sensitivity. Although for qualitative visualization the slit width
is not critical, the slit width settings should be calibrated for
exposure purposes.

Two types of film, suitable for high-speed work, are Eastman
Kodak's Plus-X Reversal and Tri-X Negative. The Plus-X Reversal is
a fine grain, slow speed (ASA 50) film and used whenever possible
because of its superior resolution. The Tri-X Negative is a grainier,
but faster speed (ASA 320) film which permits lower light levels to be
used and thus longer filming sequences.

The choice of the proper film must be determined experimentally
because of the failure of the reciprocity law due to the high light
intensities involved. In some instances it is possible to recover
filn speed by prolonging the development period (ref.4) and by using
fresh developer for each operation.

9. CONCLUSION

High~speed schlieren cinew.tography can be used for visualization
of transients of subsonic fluid flows. There are two common methods
used to analyze the film: (1) a visual or gqualitative analysis of the
projected film, and (2) a frame-by-frame inspection for quantitative
measurements of deflection, velocity, deformation, etc.

With a rotating-prism type camera, the time resolution is
limited by the maximum available speed of the camera. Even for sub-
conic transients, there appears to be a need for better time resolutions
than that available vith this type camera. Certainly, fer sconic and
supersonic transients, ultra-high-speed cameras, the problems become
increasingly greater, particularly those associated with illumination
and synchronization.

Some preliminary work has been done here at HDL with a turbine-
driven rotating mirror-type camera. The camera is capable of pro-
ducing 78 frames at a rate in excess of 400,000 per second. Acceptable
exposures have been obtained with Plus-X film at speeds of over 200,000
frames per second.
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Four Fluid Amplifier Controlled Medlcel Devices
Kenneth Woodwerd*, George Mon¥*, Jemes Joyce*, Henry Straub¥*

end Timothy Barila¥*

INTRODUCTION

The fluld amplifier provides a solution for certein design
problems associated with modern militery medicine. The military
requires its medicel equipment to possess not only & reliebility
and life compatible with its proposed use, but sufficlent rugged-
ness to withstand the rigors of logistics and operation in the
Tield. The equipmenti must be lightweight. Pneumatically powered
devices should be able to tolerate fairly high degrees of contami-
nation in the power flulds without malfunctioning. Repeated auto-
claving of appropriate portions of the apparatus should not degrade
its function.

Where fluld emplifiers are used, these requirements are gener-
ously satisfied. By reducing the number of moving parts involved,
loglistics problems are simplified and manufacturing cost reduced.

In 1illustration, this paper describes a pressure-limited respi-
rator, a volume~limited resplrator, an external cardiac compressor,
and a blood pump all utilizing fluld amplifiers for control and
designed primarily for Army medicine.

*Harry Diamond Laboratories, Washington, D. C. 20438

**Walter Reed Army Institute of Research, Washington, D. C. 20012
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THE BINARY FLJID AMPLIFIER

Bistable fluid amplifiers are used in all equipment described
herein. Figure 1 shows a bisteble emplifier used to control the ges
flows in a pressure-limited respirator. Gas from the power orifice is
caused to flow into one of two receivers. If the gas is initielly
ceused to flow into the left recelver, a flow of air from the left
control orifice sufficlent to satisfy the entralning requirements of
the power stream causes the power stream to switch end flow into the
right receiver. The switching of the power stream from right to left
recelver 1is accomplished in the same manner. Bistable amplifiers can
be produced with memory, ndonremory, and reset characteristiecs.

The emplifier can be made by engraving or etching the configura-
tion in a solid block and is therefore extremely rugged. In the absence
of the inertisa asscciatedi with moving parts, the response of the ampli-
flers to control flows is rapid. Relisbility and manufacturing costs
are both favorably influenced by the absence of moving mecnanical parts.
The four medical devices discussed illustrate these adventages. It is
to be emphasized that these devices are in various stages of development.

A PRESSURE~LIMITED RESPIRATOR

The bistable fluld aemplifier has been applied to the control of
the pressure-limited resplrator shown in figure 1. This respirator
has no moving parts and functions both as an assistor end controller
with the change from one function to the other teking place sutomati~
cally. The respirator can not produce pressures in the face mask

greater than s predetermined maximum. Pressures in the face mask are



transmitted to the left amplifier control orifice through tne feed-
bacx line snown. Tne power stream switcnes from left to right re-
celver when the predetermined face mask pressare has been reacaed.
Switching to the face mask recurs when the pressures in the feed-
back line have dropped to some desired negative pressure.

Because of its size and weight, the respirator can be attached
directly to the fsce mask. Its filnal size will approach that of a
small wetcabox. It can be molied entirely out of a suitable plastic

and be produced inexpeunsively enough to be owned by e patient, and used

at home under a physician's direction, eliminating trips to the hospital
or doffice, and assuring more nearly optimal treatment of their chronic
respiratory disease.

Animal tests on the early vrototypes demonstrsted flows from 3
to 9 E/min, cycling rates from 1S to 50 cpm, and pressures from -4
to +18 cm HZO' Input oxygen pressures under the most demanding con-
ditions 4id not exceed 2 psig with flows of 25 £/min. It is expected
that these characteristics will require some adjustment for clinical
application. It i1s also possible that individual models for the cnild

and the adult may be necessary.

A VOLUMg-LIMITED RESPIRATOR

Flgure 2 shows a volume-limftel respirator controlled hy a fluiil
agplifier. It, tvo, functlions either as an assistor or controller,
with mode tramsition occurving automatically. In the control wode,
it is volume limited with a meximum pressure safety limit. It can be
made to be pressure limited after celatively minor design changes.
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Tae adoption of fiuwid amplification to the conirol of this device
has reduced the number of moving parts to a piston, a bellows, two
excursion triggers with springs, a rubber flapper, and a) inspiration
trigger piston.

Power requirements in the final design are expected to be com-
parable to those of similar equipment using commercielly available
ppeumatic parts. Maximum alr flows of 0.5 cfm at pressures not in
excess of 35 psig satisfy the most severe load antlcipated for thne
device. The most severe load 1s associated with a pulmonary circuit
compliance of 0.010 Z/(cm HZO) combined with a resistance of
20(cm HZO)/ﬂ/sec calibrated at a filow of 1/2 £/sec.

Presently its tidal volume is varisble between 300 aad 1000 cc
with cyeling rates from 6 to 50 cpm, the lower tidal volume being
associated with the higher cycling rate and vice versa. If desired,
these output chaaracteristics can be sultadbly altersd by appropriate
design changes.

EXTERNAL CARDIAC COMPRESSOK

A first prototype of an external cardiac compressor controllei
by a fluld emplifier is shown in figure 3. It has only three moving
parts - a piston with an integral excursion control rod, an excursion
limit trigger, and a spring. Functionally the device has one new
aspect not present in commercial models. Prior to the onset of as-
sistance to the subject, an estimate is made of the desired chest
deflection, and the ram excursion control on the device 1s set ac~

cordingly. Then the operator increases the alr pressure to the ram
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until the ram begins to move up and down rythmically. At this point
the compressor is fu.ctioning properly. It is not possible for the
operator to accidentally cause chest deflecilions greater than the
preset value by the application of excess air pressure. Once the com-
pressor has been started, the operator need only check it to insure
that the rem is moving up and down. No measurement of displacement
or force is necessary. The inebility to cause unwanted rib-cage
deflectlons is e decided advaniage for a cardiac compressor.

The frequency of compression tends to increase as tne ram ex-
cursion decreases. Tnis parallels the humen s8ituation. However,

a separate frequency control is provided for selecting a desired
frequency.

The ram 1s capable of a 3-in. meximum and 1/2-in. minimm ex-
cursion., Maximum cycling rates are variable from 30 cpm (3-in.
excursion) to.120 cpm: or more (1/2~in. excursion). Maximum power
requiremencs are 2.5 cfin of alr flow at 30-psig pressure. This
pressure corresponds to a 100-1b ram force,

A FLUID AMPLIFIER HEART PUMP

Tne Army Artificiel Heart Pump (flgure 4) which uses a fluid
amplifisr was reported to the symposium in 1962. Included in %he
proceedings for that year is a description of the general functional
characteristics of the pump. Its performance has since‘been ixproved.
It 1s being Jjeveloped by the Army to support the wounded soldier, but
its application to civilian medicine 1s perhaps greater.

Several hundred animal tests of various sorts have been com-

pleted with generally encouraging results. The Walter Reed Army
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Institute of Research has determined that asnimals perfused by the
pump in total heert-lung bypass procedures for 2 hours survive while
animals perfused by the roller pump 21l die, everything else in the
blood circuit remaining the same, Indiana University has establisheil
that tne resistance of both the systemic and puwlmonary circulations
were significantly less for pulsatile than for nonpulsatile flow.
Renal blood flow was also found to be much greater for pulsatile flow
than for nonpulsatile flow when the pressures were maintained at the
same level in both groups. The pulsatile flows were provided by tne
Army pump. It is believed that the pulsed fiows from this pump closely
resemble those from the heart since the rise time of the pulse is very
rapid due to the fast switching time of the fluld awmplifier. It is
not suggested that pulsed flow only from thae Army pump can produce the
results cited.

Criticism recelved thus far suggests that the flows from the
pump might ve slightly low for certain clinical applications, and
that there are too-many controls for easy operation. The fiow has
been increased through design modlification effected in the latest
model. Only two controls are now considered necessaxry to operate the
pump. The weight of the model shown in figure 4 is 6 lb.

One pump with ball valves has been operating for 14 months
producing a 3i-f/min water flow &t 450-mn-Hg pressure. After 6
months, a natural rubber ventricle was replaced by one made of si-
lastic, not because it was worn out, but because oll in the power

alr had created -a sticky coating on the exterior of the ventricle.
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This affected control. A second pump with a silastic ventiricle and
bicuspid velves has been running under the same flow conditions for
10 months. Occasionally the pumps are sdjusted (about once a week)
to compensate for oil and debris in the power stream. Thesz ac-
cumuiate in the controls. However the accumulation is never great
enough to stop pwmp operation.

DISCUSSION

Fluid amplification has been successfully appli=d to two types
of resplrators, an external cardlac compressor, and a heart pump.
It has been found to provide a satisfactory solution hoth function-
ally and from the packa~ing viewpoint. The heart pumps have been
operasing coaiinuously unier severe loads for a pelod of about a
year (and these pumps are still operating), which emphasizes the ex-
treme reliabllities and lives that can be cxpected of devieces coa-
trolled by fluid amplifiers. The source of power for -these puwmps has
been ordinary shop air, and in spite of the significant amounts of
Toreign material in the supply, the pumps continue to function reliably.
The elimination of moving parts not only accomplishes dramatic
increases in relisbility and life, but significantly decreases the
menufacturing cost and increases environmeatal ruggedness of the items.
It 1s aot sugygssted that all of the items have been thoroughly
tested, but with the exception of the heart pump, the functional design
of the devices 40 not deviate greatly frcm existing commercisl designs.

Consequently it is not expected that functional characteristics will

create problems. The heart pump, however, has significant funciional
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deviations from existing designs. The meiical evaluations of the
pump o date are encouraging.

Flnid amplification is also being conzijered as a means of control
Ior an internal heart transplant. Using the principles of design of
the Army Heart pump (assuming tests prove these prineciplss are compat-
ible with the humen reguiremen:s for pumping blood) packaging for
internal use would be a relatively easy task. The life o2 the pumps
as suggested by existing test resulis encourages this application. Tne
fact btnat the uliimate design would regulre at most a sinzle external
control for occasional adjusiment and a simple vower supply supoorts

this apolication from the viewvoini of the user.
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Volume-limited fluid amplifier respirator.

Figure 2,
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Figure 3. External

cardiac compreésor.
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Figure U. Army artificial heart pump.
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CRANFIELD

DEPARTMENT OF PRODUCTION AND INDUSTRIAL ADMINISTRATION.

FLUID UNITS OF THE BALL VALVE
TYPE AND THEIR APPLICATION TO THE

CONTROL OF £ MACHINE TOOL.

C.J. Charnley B.Sc., M.S.I.T. - Part I

R.E. Bidgocd D.A.B.,, Grad.I.Mech.E., - Part I1

Sunmary. The paper begins with a review of experimental work donc

at Cranficld into the characteristics and behaviour of ball valve
sitching devices and indicates the scope of the present investigations
which are being sponsored by the Department of Scientific and Industrial
Rescarch.

Part II of the paper deals with the design and fabrication

of a fluid logic control system for application to a step controllcd
grinding cachine which is used for research at the College.
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Introduction.

The investigations leading to the applications outlined in this
paper began as a student thesis (1) into fluid logic devices and their
potential application to the control of machine tools. At the end of
the thesis a regort was prepared (2) on the basis of which a research
grant for further investigation was awarded by the Department of
Scientific and Industrial Research: the present paper outlines some
of the work now preoceeding with the aid of this contract..

From the findings of the review it was considered that the ball
valve unit was likely to prove most suitable for application in the
imnmediate future and it was decided to concentrate the research on this
type of unit. Pure fluid units were kept in nind for application at a
later stage when nore research had been carried out into their behaviour
and limitations.

Several models of the basic unit were constructed in serspex
(see Plate I) and tests were conducted to deter.ine the parazeters
governing their operation. The models iliustrated used 3/32" (2.3 mm)
diamcter ball bearings, with variaoble switch path lengths, vgriable
external resistances and supply pressures from 5 - 20 1b/in.“zauge.

Some of the configurations used are shown schematically in
fig. 1 vith typical cm.litude response curves illustrated on grephs
I and II. The response curves showm do, in fact, give the circuit
response ti..es since the output pressure of thes device vas easured:
the ball switch tine was a negligible vnroportion of the circuit time
constant, As nmight be expected 2 reduction in circuit resistance and
capacitance as a result of niniaturisation, can lead to significant
reduction in response time.

Lizmitations of the device are governed by the speed of sound within
the circuit and the power output available, although in general it is
felt that for most applications only saall power outputs will be
required, as the output signals can always be fed into some type of
pover amplifier. It would appear from prelizinary investigations
that tolerances of + .001" (.025 mn) on most dimensions will be
sufficient and that, provided reasonable czre is taken with the air
supply, small amounts of dirt or oil in the supply will not affect
the operation. The main probler would appear to be that of obtaining
an air tight seal between the ball znd its seating.

Turning to the applications it was felt that there were four
main areas where further research would be of value:-

1. Amplification of the output signals from the devices from
pneumatic to higher power pneumatic, pneumatic to hydraulic, and
pneumatic to electric.

2. Replaceuent of present methods of electro-pneunatic step control
by conpletely pneumatic circuits,



3. Universal sequence tuntrol including the design of pneumatic
linit switches, and an invsstigation of the problem of impedance
matching complex cirouits.

L., Investigation of tape input systens with pneumatic reading heads,
for application to sequence controlled machine tools, and the develop-
ment of continuously controlled systeus.

The second application listed refers in particular to the nsthods
used in cylindrical grinding operations. A considerable effort has
been made at the College (3) to produce machined ground components
to increasingly close tolerances on a production basis. As far as
grinding is concerned the position has now been reached, with existing
equipnment, that a batch of 40 components can be produced to within
+ 15 x 10~6 in. on a two ninute time cycle.

The techniques and equipment used to obtain this degree of control
are shomm in fig II. The system operates on a closed loop basis with
intermittent feedback at the pre-set tolerance bands. HHeasurenent is
by an air gauge (4) on the conponent during rachining which is the best
place to give optimum cverall control. The recorder does not operate
in the control loop, but is fitted to enable a continuous record to be
kept of the operation z2nd as a check on the perforaance of the control
system. The control elenent converts the pneumatic signal into a
electrical signal which is used to perf'orm the required sequential logic
operations and which in turn initiate the various rates of feed and
finally withdraw the grinding wheel, in the operzting sequencé as
illustrated in fig, III. The feed drive is by hydraulic cylinder and
leadscrew, hence another conversion is required from the electrical
output signal of th= controller to a hydraulic signal.

The research undertaken to achicve a similar degree of control
using fluid logic units is described in the second part of this paper.
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PART II

Introduction,

This part of the paper is particularly concerned with the
applicaticn of the Kearfott ball valve to a step controlled grinding
machine and is an account of the difficulties experienced and practical
results obtained.

During the research programue on thc ball valve it was decided
that -fter the initial evaluation some atteupt should be uade to design
a proximity switch to énable direct application to pachine +tools.
Figure L shows a simple proximity switch on vhich original tests were
conducted; the ball will remzin in the position shown until the
restriction caused by the decrease in gap between the micrometer and
orifice is large enough to switch the ball. When this occurs the
pressure in line B 'will rise and give an output A variation of
this circuit is the basic switch of the control system for the
grinding machineg. This particular set up would trigger repeatedly
within a tolerance band of + .0001".

Reasons why the step controlled machine was chosen have already

been discussed and it has been shoim that a case for control by fluid
logic exists for this particular application.

The Studer Grinding iiachine.

One of the first steps when designing the control was to write
down all the basic operations as follows:-

&) Press the wheelhéad fast traverse button; the wheelhead
noves to a pre-set zero position.

b) Switch on the table traverse and the grinding wheel;
the vheelhead coarse fezsd starts at the end of the table stroke.

c) The measuring apparatus signals that the required first
size is reached and fine feecd starts at the end of the stroke.

d) The neasuring apparatus signals required second size
and fine feed stops at end of the stroke.

e) Final size is acquired and the wheelhead retracts at
the end of lhe stroke.

By minimising the above operations it was possiblc to construct a
block diagram of the control syste. translated into logical terns;
this is shown in figure 5. The next step was to interpret the block
diagran in terns of the necessary ball valve units required to operate
the machine; ‘this is showm in figure 6. Troa the figure shown,
when the fast traverse button 4 is pressed, air flows through units
B and C and actuates the pneumatic ram; this will traverse the fast
feed towards the work piece until the ure-sct position is reached
and unit B is triggcred.



The grinding wheel is now started and the table traverse button I
is pressed. This puts an input pulse into unit C and prevents any
further operation of the fast traverse. Unit F is also triggered and
allows a full supply sressure through to the coarse feed ram., The
coarse feed will only operate at the e¢nd of each stroke, when unit H
is triggered by limit switches at the extrcmities of the table.
Grinding of the workpiecce continucs under coarse feed until a pulse
fron the limit switch signals o pre~set size; this triggers unit I
and shuts off the coarse feed at the end of a stroke. Sinmultaneously
units L and K are triggored which bring the fine feed into operation.
Thc operation of this unit is sicilar to the coarse feed and again the
machin. continues cutting on a fine feed until a second pre-set size
is rcacned and unit N is triggcred. This cuts off the fine fecd and a
period of *spark-out" or dwell occurs until first size is reached and
pressurce is supplied to unit 0.

Unit O is a bi-staoble unit. ¥hen pressure is fed to the unit the
ball renzins in the position shown and low pressure results at output.
Horever, when a signal from the linit switch at the end of the stroke
is fed into the unit, the bell triggers and gives a high pressure at
output, thus rctracting the wacelhead on fast traverse. The ball will
renain in the triggered position until the fast vraverse button is
pressed for a new cycle of operations.

The cowmplete system for thza control of the machine would require
12 small ball valve units, three high accuracy limit switches, one air
measuring gauge and a small selection of on/off valves.

The advantages of this system are obviously largely econonic
as the expected failure rate is somcwhat less: than that of the present
systes. Also if plug-in connections are used between the units the
systen: will be extrenely eas; to maintain, -

The success or failure of such a system depends entirely on the
repeatability and sensitivity of the high accuracy limit switches and
therefore it was this part of the problem that has been tackled first.

Linit switches.

Fig. 7 shows the diagrammatic layout of the design chosen for the
limit switches. This system was manufactured and tested, with and
without the ten to one gain amplifier, for sensitivity and repeatability..

The nos. essential part of this subsystew is the air gauging
unit and it is the sensitivity of this unit that ultimately determines
the repcatability of the limit switch. One disadvantage of this
arrangenent is tpat the more sensitive it is the longer the tine
constant for a given pressure readout,

The perfornance of an air geuging systen can be shown to be
represented by: -

R -2 g

TR ()
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where pressure values of /-g )’? R, etc., are given in fig. 8. Now the
sensitivity of the unit con be meximised by increasing the value of

which can be shoym to be =
[6_@.2 (D/d}z . -—C}f-[’ B éfa’.)qz
* (%)t < O g

As ﬂ,d,g,c are sensibly constant for a particular configuration thic
nzin factors are D/c/ and dz/ol By increasing /4 and Cj?/c/

the sensitivity can be increased considerably, homcver experience has
shown that the O /d ratio cannot practically be increased above 2.

A series of control and measuring orifices were tested over a range of

pressures to obtain the best results between P5_1%‘ = 0.3 -.85.
), A

A microvalve measuring head was also tested but the resultant

sensitivity was poor and therefore rejected. The combination which

produced the most satisfactcry and sensitive results was using a 014"

dia, control orifice with .125" dia. measuring orifice, O = 0.250

and supply pressure 5 ib/in2. The performance curve for this unit

is shown on graph (3) and shows an average sensitivity of

0736 ;_}_“ﬁ}:‘f‘- per thousandth of an inch. The problen of realising

the full supply pressure at zero gep was increased when this
configuration was used, due to the difficulty of arra anging the
measuring orifice nor..w.l to <the face of the calliper geuge. It was
for this reason that no units werc tested to obtain higher sensitivity.

Having obtained a highly sensitive air gauging system a suitable
ball valve was designed It was decided to design a ball valve with
a moxinum pressure gain of 4, vhere pressure gain has been defined as
the ratio of the output amplitude achieved to the pressure rcequired
to achieve it. It can be shown (5) that the static gain of a
moilostable unit is given by

Gy= A Rilke
ASZ [‘ 4 ,2(‘/‘20]

where A = area of bore Tnp of
Asp = areca of seat shown
Ri = input resistancc
Ro = output resistance ..o *OOTPuT Sup P{ 7
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Now it was decided that a value R'/Ro of not greater than
10 would be ideal, as when this increases then the circuit time
constants increase. Now using the fact that the ratio of &, /62 <1
vhere G, = AS% . R'/Qo and also the fact that the bore
dianeter was to be 3/32" the respective seat areas were calculated.

A curve gain of moxicum gain versus Ri/Ro is given on gr _h (4)
and shows the couparison between theoretical and practical results.

The rig alrcady shown in fig. (7) was set up to test the
repeatability with the designed zir gauge and ball valve., This was
donc by simulating the grinding process by means of a notor driven
nicropeter screw, set to reduce the air gausge gap at grinding speed.
The output from the final size limit switch was fed into a transducer,
which in turn disengaged the motor drive at the switched condition.
by this nmethod it was possible to test th: linit switch for the
repeatability, by setting a2 pre-set gap (or size) at which the ball
valve would trigger and cut off the drive, allowing the bzall to
switch, and repeating the process several hundred times,. from the
results obtaincd from the initial tests it was decided that an
applifier betwecen the air gauge and ball valve would be necessary
to produce a higher repeataebility. The actual type used is o ten
to onz nozzle type z2mplifier. A sumpary of a series of tests is
given on Table II with a schematic layout of the test rig in fig., 9.
A histograen of the best results achieved is also shown on graph (5).
This shows Egat the maximun toleransg band for a hundred readings
was 10 x 107°in,, the mean 0.7 x 107°in. and standard deviation
2 x 10-6in.

Discussion 2nd Conclusion.

There is a restricted but oxtremely important area of machine
tool control that can be tackled using fluid logic devices., At
first sight it nay apvear that the switching frequencies claimed
are not very high, especially when coapared with other published
valucs; but the prime aim has been to obtain high positional
stitching accuracies. The frequency of operation required is set by
the charactoristics of the mechine tool and machining operations; for
relatively unsophisticoted control units using only a few eleuents,
high speed of operation is not particularly important. At this stage
it is considered that miniaturisation will lzad to sufficiently high

specds of operation to handle the applications envisaged in this report.

It is {elt at Cranficld that the imnediate uses are in sone cases only
piececi:eel applications where conventional techniques are not good
enough, but at a later stage the bell valve and also the pure fluid
unit could be integrated into the complcte scquence control of a
machine tool. There are mony mechine tools where the ball valve

could bc used quite easily with punched tape input, such as straight
linc milling and large radius contour grinding. These projects will
be undertaken at Cranfield in the near future.
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One ioportant conclusion from the paper is, now that a method of
stwitching is possible to a high degree of accuracy, then the problem
of designing limit stops for machine tool slideweys is reduced.

It is regretted that actuel test results of the perfornance of
the grinding nmachine are not available to be published at the
syzposiun, but at the time of print the laboratory staff have not
yct reccived all the parts nz2cesszry to fit to thce machine. It is

_hove¥er, intended to issuc 2 further paper at a later date with the
machiﬁQ\tests results included.
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